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In the field of tyre technology, silica filled tyres are generally considered as a lower 
energy consumption product due to their lower rolling resistance characteristics. Additionally, 
they can offer excellent grip on the wet and snowy conditions which are more essential from 
the safety perspective. However, the proper dispersion of the silica in rubber compounds is 
one of the challenging tasks to engineers, physicist and chemist. In this thesis, a very 
controlled in-situ silica based solution styrene butadiene rubber composites were developed 
and intensively investigated by the synthesis of sol-gel silica in presence of polymer solution.  
It means the silica particles were allowed to grow in the presence of rubber in the reaction 
mixture. It was observed that the sizes of the synthesized silica particles are rather larger than 
standard precipitated commercial silica particles. In depth morphological investigation 
revealed that the obtained sol-gel silica particles appear in strong cluster form with primary 
particle size of 10 - 15 nm and final aggregated size of 200 to 400 nm. Nevertheless, the final 
mechanical performance and other rubber related properties of in-situ derived silica 
composites are better in many important aspects for technical applications as compared with 
commercial silica at a given loading of fillers. Owing to the presence of more active hydroxyl 
group on the surface of sol-gel silica, the effective coupling between silica and rubber has 
been established. Furthermore, the permanent trapped rubber chains inside the large 
aggregates of sol-gel silica particles enable the compounds to offer good mechanical 
reinforcement, higher resilience, and dynamic mechanical properties.  The present work is a 
humble approach to pave an alternative novel way for silica-rubber composite preparation in 












Auf dem Gebiet der Reifentechnologie zeichnen sich Kieselsäure-(Silika)-gefüllte Reifen 
aufgrund ihres charakteristisch geringeren Rollwiderstands allgemein als ein Produkt mit 
geringerem Energieverbrauch aus. Darüber hinaus bieten sie ein hervorragendes 
Nasshaftvermögen, welches eine essentielle physikalische Kenngröße für die Fahrsicherheit 
darstellt. Allerdings stellt eine optimale Dispergierung der Silikafüllstoffs in 
Kautschukmischungen eine anspruchsvolle Aufgabe für Ingenieure, Physiker und Chemiker 
dar. Im Rahmen der vorliegenden Arbeit wurden Silika / Styrol-Butadien-Kautschuk-
Verbundwerkstoffe mittels eines in-situ Sol-Gel-lösungsmittelbasierten Reaktionsverfahrens 
entwickelt. Diese Technologie beruht auf der Nukleierung von Kieselsäure-Partikeln in 
Gegenwart des Elastomers in einer Syntheselösung. Dabei wurde beobachtet, dass die Partikel 
der so synthetisierten Silika-Teilchen größer sind, als die eines kommerziellen Standard-
Silika-Füllstoffs. Eine umfassende morphologische Untersuchung zeigt, dass die in-situ 
synthetisierten  Silikapartikel sphärisch sind und eine Primärteilchengröße von 10 bis 15 nm 
aufweisen. Diese nanoskaligen Teilchen agglomerieren sich zu größeren sphärischen Clustern 
mit einer Größe von 200 bis 400 nm und weisen somit eine andere Morphologie auf, als die 
kommerziell erhältlichen Silika-Füllstoffe. Die statisch- und dynamisch-mechanischen 
Eigenschaften, sowie weitere elastomerbezogene Eigenschaften der in-situ synthetisierten 
Silika/Styrol-Butadien-Kautschuk-Verbundwerkstoffe, wie z.B. Rückprallelastizität, 
mechanisch induzierte Wärmeentwicklung und Spannung-Dehnungshysterese, zeigen 
verbesserte Werte im Vergleich zu Elastomermaterialien gefüllt mit kommerzieller 
Kieselsäure. Eine erhöhte Anzahl von Hydroxylgruppen auf der Oberfläche  der in-situ 
synthetisierten Silikapartikel, verbunden mit permanenter Adsorption der Polymerketten des 
Elastomers auf der Teilchenoberfläche ermöglicht die Ausbildung eines Elastomerverbundes 
mit verbesserter mechanischer Verstärkung mit oder ohne Einsatz eines  haftvermittelnden 
Silans, wie z.B. TESPT (Bis [3-(triethoxysilyl)propyl]-tetrasulfid). Die Wechselwirkungen 
zwischen Elastomer und Füllstoff, zwischen den Füllstoffpartikeln, sowie der 
Verstärkungsmechanismus des in-situ synthetisierten Füllstoffes wurden mittels dynamisch-
mechanischer Analyse (Amplitudentests), Festkörper-NMR und energiedispersiver 
Röntgenspektroskopie  umfassend analysiert. Der vorliegende Ansatz verdeutlicht, dass die 
in-situ Generierung des Füllstoffes im Elastomer ein vielversprechendes  und alternatives 
Verfahren zur Herstellung von Elastomermaterialien mit verbesserter Silika-Dispergierung, 
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i or i - silica  -  in-situ silica 
x or ppt. silica  -  precipitated silica (commercial Ultrasil-VN3) 
SSBR    -  solution styrene butadiene rubber 
TEOS    -  Tetraethoxyorthosilicate 
DMS    -  Diethoxy dimethyl silane  
APTES   -  (3-Aminopropyl)triethoxysilane 
ODTES   -  n-Octodecyltriethoxsilane 
MPTES   -  (3-Mercaptopropyl)trimethoxysilane 
TESPD   -  bis[3-(triethoxysilyl)propyl]disulfide 
TESPT   -  bis[3-(triethoxysilyl)propyl]tetrasulfide 
ZnO    -  Zinc oxide 
CBS    -  N-Cyclohexyl 2-benzothioazole sulphinamide 
DPG    -  Diphenyl guanidine  
TGA    -  Thermogravimetric analysis 
FTIR-ATR  -  Fourier transform infrared spectroscopy- Attenuated total     
reflection 
SEM    -  Scanning electron microscopy 
TEM   -  Transmission electron microscopy 
MU    -  Mooney units 




DQ - NMR   -  Double Quantum Nuclear magnetic resonance 
Dres    -  Residual dipolar coupling constant   
1/Mc  and VFR   -  Crosslink density measured by swelling method   
MAS NMR   -  Magic angle spinning Nuclear magnetic resonance   
EDX    -  Energy dispersive X-ray spectroscopy 
DLS    -  Dynamic light scattering analysis 
XRD    -  X-ray diffraction  
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1 General introduction 
The reinforcement of elastomer matrices and achieving a desired property to fit for a 
particular application is an art and science in the field of rubber science and technology1. The 
rubber reinforcement mainly depends on three important parameters like type of polymer, 
type of filler and type of crosslink/degree of crosslink. The reinforcing capability of 
elastomers by fillers generally depends upon the nature of filler, particle size, surface area, 
structure, and surface reactivity of the fillers2. According to the above mentioned criterion the 
rubber fillers are generally categorized into reinforcing, semi-reinforcing and non-
reinforcing3.  In this category, carbon black is one of the traditional fillers since it is 
occupying the rubber industry more than a century4.  The reinforcing nature of carbon black is 
mainly accessed by its higher surface area, lower particle size and good affinity with polymer 
chains5. Other than carbon black nowadays, clay and clay minerals are modern reinforcing 
materials that are widely used for the preparation of polymer nanocomposites. However, the 
dispersion of such clay minerals in the polymer matrix is a big challenge due to the high 
surface energy of such clay minerals. They also form agglomerated structures when 
incorporated into the organic polymer matrix. The reinforcement phenomenon of elastomers 
in the presence of nanoclay is entirely differing from carbon black and other particulate fillers. 
The clays are multilayered silicates presented in nano or micron size particles6. The layered 
structure of clay is called as “gallery”. The reinforcement by layered silicates is occurred due 
to the opening of gallery platelets in polymer matrices7. When the polymer chains are not able 
to intercalate or exfoliate between the layered silicates platelets, phase separated morphology 
of composites are obtained. Those composite properties stay like a similar behaviour of 
traditional  micro or macro composites8.  However, the major purpose of intercalation is, to 
expand the interlayer spacing, to reduce layer-layer interaction between the silicate platelets 
and to improve the interaction between the clay platelet and the polymer matrix7, 9. In the case 
of intercalated nanocomposites, the polymer chain is intercalated between the silicate layers 
resulting well-ordered multilayer morphology which greatly improves the mechanical 
properties10.  
 Similarly, the most important particulate filler from the inorganic category is silica. 
Last two decades in the field of tyre technology, the silica reinforced tyres are gaining greater 
importance due to their versatile performance on lower rolling resistance, ice grip and high 
wet skid resistance11. Due to the larger demands of energy (fuel) consumption and safety 





Figure 1.1 Global demand for all silica products in market and Global demand for 
precipitated silica in market trends and values from 2001 – 202627 (The last access date is 
02.11.2016) 
perspective the market of silica filled tyres are getting popular all over the world. Especially 
precipitated silica is one of the most common type’s fillers for tyre industries. More, 
particularly, ‘highly dispersible silica’ (HDS)12 is now more interesting for tyre industries as it 
offers superior tyre performance as compared with normal precipitated silica13. The global 
demands for specialty silica products are forecasted to increase around 3.0 million tons by 
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2026. The trend of precipitated silica consumption and their market values are given in figure 
1.127.   
On the other hand, some major issues have been encountered using silica in rubber 
product manufacturing. In contrast to the fugacious nature of free water, bound water, 
hydration water  is held firmly in place as silanol groups of silica14. Silanol groups are mainly 
responsible for the hydrophilic nature of silica15. The network of hydrogen bonded silanol 
groups on the silica surface leads to higher viscosity, increase in hardness and stiffness of 
rubber compound during storage, poor dispersion, higher Payne effect, interrupting on 
vulcanization process (reduce the cure rate and increase the cure time) and lack in ease of 
processing16. Some of the above mentioned issues are rectified with the assistance of silane 
coupling agents, providing adequate mixing time and mixing cycles. Nevertheless, silica 
technology for tyres still needs some more improvements to solve the current environmental 
standards like lower CO2 emission, lower fuel consumption and safety aspects. At the same 
time in case of silica filled rubber system, the major part of reinforcement and improvement 
in dynamic mechanical properties are mainly decided by the state of dispersion, addition of 
silane coupling agent and type of silica-rubber coupling either physical or chemical coupling. 
Considering above mentioned shortcoming of the existing technology, the need to deliver 
better performance and to better understand the complexity of such rubber system, the in-situ 
silica based rubber composites are considered and finally, the results are compared with 
standard precipitated silica.   
1.1 Aim and objective of work 
The incorporation and dispersion of silica in a rubber matrix is a complicated, highly 
time and energy consuming process for the production of rubber parts, like tyres17. The 
effective dispersion of silica in rubber is a great challenge to the chemist, physicist and 
engineers. The great difference in surface energies between silica and rubber leads to 
agglomerated and aggregated morphology of the silica particles18. A partial solution to this 
problem can be realized by the use of silane coupling agents in a special reactive mixing 
condition12. In my present work, the silica particles are synthesized inside the polymer matrix 
using tetraethoxyorthosilicate (TEOS) as a silica precursor to get a good rubber-filler 
interaction and improved state of silica dispersion. To visualize the reinforcement effect, 
silica-rubber interaction and filler-filler interaction attributed by the sol-gel in-situ silica the 
developed composites are further compared with commercially available precipitated silica.  
The additional effects of silane coupling agents and the fundamental properties of in-situ 
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silica filled rubbers are also studied here.  The prime motivation of the present work is to 
develop a novel method to disperse silica in styrene butadiene rubber matrix by adapting the 
sol-gel silica synthesis method. The choice of solution styrene butadiene rubber (SSBR) in 
this investigation is mainly considered due to their higher consumption in passenger car tyre 
manufacturing due to its excellent lower rolling resistance, improved wet & ice grip and 
abrasion properties11b.  
To understand the real performance of prepared silica composites, several state-of-the-
art experimental methods are followed. In addition, the thesis also aims to gains fundamental 
understanding of silica formation in rubber with respect to higher loading of silica by sol-gel 
route and exploring the role of different ingredients used in the silica synthesis process.  
Finally, attention is paid on structure-property relationship, effect of silane modification of the 
sol-gel silica. The detailed study has been done to investigate the physio-chemical properties 
of silica in rubber which is finally influencing the reinforcement characteristics, network 
density of rubber and silica-silane-rubber interactions.  
 
1.2 Structure of thesis  
This thesis mainly addresses the preparation, properties and fundamental 
understanding of silica based rubber composites and its applications. The investigation started 
with a literature survey based on the history of rubber reinforcement by fillers, the factors 
involved on the reinforcement of fillers, rubber reinforcement by carbon black and 
precipitated silica and essentials in future silica technology. Simultaneously, the thesis is 
continued by the state of art of sol-gel silica technology used in polymer reinforcement and 
the major expectations in silica based tyre compound are given in chapter 2.  The various 
materials used in the present study, their basic specifications, preparation of in-situ sol-gel 
derived silica and commercial silica composites; compounding formulations are given in 
detail in Chapter 3.  Also the different experimental techniques used and their analytical 
background for the characterization of silica powders and silica filled composites are 
described briefly. The results and discussions of the work are given in Chapter 4 to 7: 
Chapter 4: Generation of in-situ silica in SSBR matrix 
In this part the basic scientific investigations are carried out to understand the silica 
particle growth inside the rubber, the time dependent sol-gel transition and silica particle 
formation. The prepared in-situ sol-gel silica compounds and composites were further studied 
by thermogravimetric analysis (TGA), Fourier infrared spectroscopy (FTIR-ATR), Mooney 
viscometer, silica flocculation characteristics, rheometric properties, mechanical and dynamic 
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mechanical properties, rebound resilience, heat build-up, abrasion properties, crosslink 
density measurements, morphology by SEM, TEM. 
 
Chapter 5: Properties and performance of in-situ silica filled SSBR composites with 
respect to precipitated silica filled SSBR composites 
 To understand the reinforcing capability of in-situ derived silica based SSBR 
composites, the properties are further compared with commercial precipitated Ultrasil-VN3 
silica composites. The conventional rubber experimental techniques like moving die 
rheometer, mechanical and dynamic mechanical properties, rebound resilience, heat build-up, 
abrasion properties, linear friction tester, tear fatigue analyser as well as some morphology 
investigations by SEM, TEM also have been utilized. 
Chapter 6: Silica-silane interaction and silica-rubber interfaces on the microscopic 
properties of rubber 
The reinforcement mechanism of silica in solution styrene butadiene rubber is 
investigated from the chemical point of view. The study has been elaborated into an effect of 
silica loading, the influence of silica-silane interaction, the influence of silane coupling agents 
and rubber-silica interfaces. This allows more systematically investigating the effect of filler 
system and the role of silane coupling agents on microscopic properties of the vulcanized 
rubber network. 
Chapter 7: Effect of silica-silane interaction on the mechanical performance of silica 
filled solution styrene butadiene rubber 
In this chapter the addition of different coupling agents like Diethoxy dimethyl silane 
(DMS), (3-Aminopropyl)triethoxysilane (APTES), n-Octodecyltriethoxysilane (ODTES), 3-
Octanoylthio 1-propyl triethoxysilane (NXT), (3-Mercaptopropyl) trimethoxysilane 
(MPTES), bis[3-(triethoxysilyl)propyl]disulfide (TESPD) and bis[3-
(triethoxysilyl)propyl]tetrasulfide (TESPT) in in-situ silica and commercial precipitated silica 
compounds are investigated. The used coupling agents are generally divided into two 
categories like mono-functional silane (physical) and bi-functional silane (chemical). The 
investigation turns in to how the physical and chemical interaction between silica and rubber 
contribute to the macro and micro properties of rubber.    
Finally, the summary of the entire work, conclusions and outlooks are presented in 
Chapter 8.   
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2 Literature review 
2.1 History of rubber reinforcement by fillers 
Rubbers are one of the important material category widely used in many range of 
applications, like general purpose floor mat to highly engineered aerospace tyre applications1-
3. From the perspective of strength, rubbers are considered as soft materials and it needs some 
of ingredients to achieve good mechanical performance, ozone and oxygen resistance etc. 
Reinforcement of rubbers by fillers is a common practice in the field of rubber science and 
technology. In the early years of 20th century, zinc oxide was the most widely used 
reinforcing filler in rubber and the abrasion resistance provided by that preferred filler in tyre 
treads4. It was also during this period that zinc oxide was discovered to be the activator for the 
newly emerging organic accelerators. In 1912 B. F. Goodrich purchased patent rights to tyre 
carcass cord and acquired carbon black compounding technology in tyres. By the end of 
World War I carbon black had replaced zinc oxide in pneumatic tyres tread compounds 
although it took more than five years thereafter for the tyre manufacturers to convince the 
general public that black tyres were superior performance than white4. In 1930s with the 
introduction of precipitated calcium carbonate and In 1940s with the development of calcium 
silicate and precipitated silica further eliminates zinc oxide from the tyres. Finally carbon 
black is considered as the premier reinforcing filler for rubbers4. The rubber fillers are 
generally classified into three main categories like reinforcing, semi-reinforcing and non-
reinforcing fillers and some of the filler materials belong to these types are given in Fig. 2.1. 
The rubber fillers are technically classified according to their particle size, surface area, 
structure and surface activity which are the dominant characteristics which are mainly 
determining  the rubber reinforcement5-6.  
a) Particle size: The rubber fillers with particle size above 10000 nm (10 µm) are generally 
not used because such bigger particles can reduce the performance rather than the 
reinforcement5. The size of the filler particle exceeds the polymer interchain distance; the 
filler particle introduces an area of localized stress. This contributes to rupture of elastomer 
chains on continuous flexing or stretching. Likewise fillers with particle size between 1000 
and 10000 nm (1 – 10 µm) are used as a diluents and usually do not contribute for significant 
effect on final rubber properties. Such fillers are considered as non-reinforcing or inert fillers. 
The main purpose of inert fillers is added to reduce the cost, to improve the processability and 
optimize the die-swell properties of the rubber compound. Semi-reinforcing fillers the particle 
sizes are ranges from 100-1000 nm and it improves strength and modulus to some extent. 
Chapter 2  Literature review 
   
11 
 
These fillers are generally used to achieve moderate mechanical properties, improved set 
properties and higher damping properties. Reinforcing fillers are in the range of 1 to 100 nm, 
and are greatly improving the final mechanical properties like greater increase in modulus, 
strength, abrasion and tear resistance of rubber.  
b) Surface area: Filler particle must have an intimate contact (adsorption) with the polymer 
chains to contribute to a good reinforcement of the composite. Fillers with larger surface area 
have a greater contact area with rubber chains and ultimately have higher potential to 
reinforce the rubber matrix6. The shape of the particle is also considered to be an important 
criterion for reinforcement. The particles with plane or layer shape have more specific surface 
available for contacting the rubber chains than spherical particles. Nano-clay and graphene 
have a planer shaped morphology that align with the rubber chains during mixing and 
processing thus contribute more reinforcement than a spherical shaped particle with similar 
average particle size5. Carbon black and silica are fillers exhibiting spherical shaped primary 
particles, but their aggregates and clusters are anisometric and considerably smaller than the 
particles of micro clay and others. They have more surface area per unit weight available to 
contact the rubber. The surface area for rubber grade carbon blacks are vary from 6 to 250 
m2/g, precipitated silica range from 30 to 220 m2/g and micro clay ranges from 20 to 25 m2/g.5  
c) Structure: According to the structure, the fillers are normally categorized into low 
structure and high structure5. The high structure filler has aggregates preferring high particle 
count, with those individual particles combined in chain-like clusters and random branching 
of additional particle. The higher structure in fillers turns the rubber into greater reinforcing 
potential. In case of silica and carbon black, a certain amount of structure existed by the 
manufacturers, but it can be lost after compounding. The high shear forces generated during 
rubber mixing will break down the weaker aggregates and agglomerates of aggregates. 
According to BS 2955:1993 standard, the agglomerate is considered as a group of particles 
loosely bound together by contact at their corners and edges, which can be broken by 
mechanical forces and dispersed readily. Aggregate is a group of particles, which are rigidly 
bound to each other as by growing together or by partial fusion and not dispersed readily55. 
For rubber reinforcement, the primary particles are in the size of less than 30 nm and the 
secondary particles are in the range of 30 - 150 nm. The combination of multiple secondary 
particles around the range of 150 nm to 1 µm called as aggregates. The numerous aggregates 
are joined around the range 1 µm to 100 µm called as agglomerates.  However the final 
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persistent filler structure that exists in the rubber compound significantly affects the 
processability and final properties of rubber products5. 
d) Surface activity/functionality: A filler material with high surface area and high structure 
can still provide a relatively poor reinforcement, if it has a low specific surface activity5. The 
specific activity of the filler surface per square centimeter (cm2) of filler-elastomer interface is 
determined by the chemical and physical nature of the filler surface in relation to that of the 
elastomer. The surface energy and polarity of filler and polymer matrix should be similar, to 
obtain best compatibility. Therefore, non-polar fillers are best suited to non-polar elastomers 
and polar fillers work efficiently in polar elastomers. Apart from this general physio-chemical 
compatibility rule, the potential reaction between the elastomer and active filler functional 
sites is playing an important role. The chemical nature of carbon black surface is variable. 
Some evidences exist in the literature for the presence of a small amount of carboxyl, phenol, 
lactone, quinone and other functional groups on the surface which promote a higher affinity to 
rubber7,56. Along with this high surface area of carbon black, the close contact of rubber 
chains to chemically react and form a strong interfacial layer (gel or crosslink). The non-black 
fillers offer less affinity due to less surface activity towards elastomers. Most of the non-black 
fillers like silica, clays and silicates have a surface of silanols (-SiOH). These silanol groups 
behave as acids (-SiO-H+) and are chemically more active. These issues can be overcome by 
the addition of silane coupling agents5.    
 
Figure 2.1 Classification of rubber fillers 
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2.2 Carbon black reinforcement of rubbers 
Carbon black is an elemental carbon material presented in the form of fine amorphous 
particles. The particles are composed of randomly oriented microcrystalline layered arrays of 
condensed carbon rings5-6, 8. Because of their random orientation, many arrays expose open 
layer edges with unsatisfied carbon bonds at the particle surface and provide the sites for 
chemical activity. Individual spherical carbon black primary particles do not exist and mostly 
it appears as aggregates, which may form clusters or chains of various sizes and 
configurations. The functional carbon black particles are actually highly aggregated in 
structure. The average particle size and aggregated structure are the major determinants of the 
utility of a given carbon black in a specific rubber compound. Prior to World War II, the 
channel black was the most predominant reinforcing material, prepared by the partial 
combustion of natural gas infringing on iron channels. According to particle size they 
classified in to hard processing channel black (HPC), medium processing channel black 
(MPC) and easy processing channel (EPC)6, 9. The average particle size obtained from 
channel process is around 24 nm to 30 nm according to the type of channel grades; however, 
the channel blacks are not popular in rubber technology, because of its high cost.  
Table 2.1 ASTM nomenclature of carbon blacks57 
ASTM Series Classification Average particle  
size (nm) 
N100 SAF-Super Abrasion Furnace 11-19 
N200 ISAF-Intermediate  Super Abrasion Furnace 20-25 
N300 HAF-High Abrasion Furnace 26-30 
N400 FF-Fine Furnace 31-39 
N500 FEF-Fast Extrusion Furnace 40-48 
N600 GPF-General Purpose Furnace 49-60 
N700 SRF-Semi Reinforcing Furnace 61-100 
N800 FT-Fine Thermal 101-200 
N900 MT-Medium Thermal 201-500 
 
The thermal process is introduced in 1922, to make the largest particle size and lowest 
structure blacks. Thermal blacks are made by the thermal decomposition of natural gas in the 
absence of air in a cylindrical furnace. Thermal black grades are ranging from 100 to 500 nm 
of average particle size and used as a low cost functional extender fillers. Large particle size 
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and lower structure enable higher loading, better resilience and lower hysteresis than highly 
reinforcing blacks. 
In the early 1940s the channel blacks are replaced by the development of furnace 
blacks. The obtained furnace grades are relatively coarse particle structure and average size of 
particle is from 60 to 80 nm. After the invention of styrene butadiene rubber (SBR) the finer 
grade furnace blacks are developed. Furnace blacks are produced by the partial thermal 
decomposition of heavy oils or gases in a horizontal furnace. Furnace production offers the 
manipulation of reaction time and conditions, which result in some degree of tailored final 
products. Before 1968, carbon blacks nomenclature was informal and based on a variety of 
characteristics like level of abrasion, level of reinforcement, modulus of vulcanizates, 
processing properties, general applications, particle size and electrical conductivity5. In 1968, 
the ASTM committee established a new carbon black nomenclature system consisting of a 
prefix continued by a three digit number and given in Table 2.1. The prefix is either N for 
normal curing and S for slow curing characteristics of rubber. Channel blacks are usually 
yields slow curing and they have discontinued after all current rubber grade blacks are carry 
the N prefix. According to carbon black nomenclature, the first of the three digits indicates a 
range of average particle size in nanometer. The second and third digits are assigned by the 
ASTM committee to the developed new products10. In general low structure blacks are 
assigned lower numbers and higher structure blacks assigned as higher numbers.   
2.3 Silica reinforcement of rubbers 
In last few decades, precipitated silica has been used as reinforcing fillers in tyre tread 
compounds due to their versatile performance in terms of rolling resistance and wet skid 
resistance11. The morphology and chemical structure of silica is an important criterion, 
playing major role on silica filled rubber composites12-13. The silica used in rubber is generally 
divided in to two main categories like precipitated and fumed silica. The precipitated silica is 
prepared by the reaction of sodium silicate (water glass) and sulphuric acid solutions or a 
mixture of carbon dioxide and hydrochloric acid are added simultaneously with agitation to 
water and precipitated under alkaline conditions4. The discrete silica particles initially form 
the primary particles, fuse into aggregates, which form loose agglomerates. The precipitate is 
filtered, washed of residual sodium sulfate or sodium chloride, dried and milled. The average 
primary particles are around 10-30 nm rather than the aggregates of 30-150 nm. The fumed 
silica is prepared by oxidation of silicon tetrachloride at very high temperatures.  In this 
category fumed silica has a very low bulk density and the fumed silica reinforcement is well 
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popular for silicone rubber and other saturated rubbers. However, in the role of general 
purpose diene rubber reinforcement, fumed silica is not so popular because of its high price. 
Technically, precipitated silicas consist of high dense, low-structured aggregated particles. 
The size and structure of the precipitated silica aggregates/agglomerates are altered by the 
grinding or spray drying process. Silicas produced by pyrogenic process take the form of 
chain like branched aggregates which results in a low dense, highly fluffy powder14. 
Precipitated and fumed silica show significant differences in its loss on drying and loss on 
ignition. Precipitated silicas originate from an aqueous solution and therefore it contains a 
higher amount of water around 3 to 7%14. In this role, precipitated silica got more importance 
in tire applications because of its lower cost and easier capability to get modified in its 
chemical structure through silane reaction. In principle, fumed silica also can be modified by 
silane coupling agents. However, the degree of modification on fumed silica surface is limited 
due to the lower amount of silanol groups and lower coupling efficiency as compared to 
precipitated silica.  Silica (silicon dioxide) is an amorphous material, consisting of silicon and 
oxygen atoms and connected in random network like three dimensional structure with 
appropriate amount of hydroxyl functionality (silanol, Si-OH). The generalized chemical 
name of silica is ‘silicon dioxide’. Due to the inherent chemical structure of silica, it is 
capable to absorb the atmospheric moisture and known as ‘‘hygroscopic material’’4. The 
chemical structure of the silica surface is given in scheme 2.1. 
 
Scheme 2.1 Chemical structure of the silica surface 
Generally, the silica surface contains three types of silanol groups: isolated, geminal 
and vicinal15. The silanol groups are directly responsible for the polarity and hygroscopic 
property of silica. The silanol groups have a strong tendency to form hydrogen bondings with 
neighboring particles which results the formation of aggregates.  However, the reinforcing 
characteristic of silica is dependent on the specific surface area, particle size and distribution, 
porosity and silanol density4, 11. Precipitated silica in rubber is usually considered as a 
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reinforcing and semi-reinforcing filler category. Due to the hydrophilic nature, it has poor 
compatibility and interaction with polymer chains when compared to carbon blacks. In further 
comparison to carbon black, the abrasion resistance, high viscosity during processing, slow 
cure rates is some of the drawbacks encountered by addition of silica in various rubbers. 
However, these issues have been further rectified by the use of silane coupling agents in silica 
filled rubber compounds.  The nano/micro scale dispersion of silica is one of the key factors 
to determine the final performance of silica composites and further addition of silane coupling 
agent greatly improve the filler-polymer interactions. The essential role of silanes is to 
chemically modify the silica surface into a hydrophobic surface to reduce the filler-filler 
interaction as well as to enhance the rubber-filler interaction through the strong covalent bond 
with rubber chains in the case of sulphur containing silanes. There are plenty of silane 
coupling agents commercially available in the market. However, sulphur functionalized silane 
coupling agents are more common in tyre and other rubber product applications due to its dual 
coupling behavior between the polymer as well as silica. In this category (3-
Mercaptopropyl)trimethoxysilane (MPTES), bis[3-(triethoxysilyl)propyl]disulfide (TESPD),   
bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT),  3-Octanoylthio 1-propyl triethoxysilane 
(NXT) are some of the sulphur based bi-functional silane coupling agents used in rubber 
industries. These silanes have the ability to modify the silica surface by silanization reaction 
as well as the sulphur atoms are capable to establish a covalent bond to the rubber chains. 
From the reinforcement point of view the precipitated silica combined with silane is offering 
superior performance compared to carbon black filled rubber systems in many aspects. Proper 
selection of silane coupling agent and effective silanization of silica are the major contributing 
parameters deciding the rolling resistance, wet grip properties and abrasion properties of 
tyres.16       
 
2.4 Needs and essentials in silica technology 
1. State of silica dispersion 
Dispersion of silica in rubber is one of the major issues encountered in rubber 
industries. As mentioned previously, higher surface energy difference between silica and 
rubber and strong tendency to form hydrogen bonding with neighboring silica particles, which 
results in the formation of agglomerates. However, the incorporation of silane coupling agents 
enhances the silica dispersion in rubber. The development of highly dispersible silica (HDS)17 
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reinforces the rubber matrix efficiently and replaces carbon black partially or fully in the tyre 
tread compounds. Such HDS silica offers an improved rolling resistance, wet traction and 
without sacrificing the abrasion properties.  Nevertheless, to improve the silica dispersion, 
rubber industries are consequently looking for improved mixing method, mixing cycles and 
alternative silane coupling agents. 
2. Improved processability 
Processability is the major issue in silica filled rubber compounds due to its 
hydrophilic nature which leads to poor compatibility rubber matrix. The strong hydrogen 
bonding between silica to polymer, interaction between silica to silica particles eventually 
leads to increase the viscosity and storage hardness of mixed stocks which affects the 
processability of rubber compounds4.  
3. Low volatile content 
To enhance the rubber-silica interaction most of the highly filled precipitated silica 
compounds are subjected to silane treatment which is generally called ‘silanization’18. The 
active reaction between silica and silane lead to significant amount of ethanol formation, 
which is a volatile organic component and can cause some health problems and environmental 
issues19. Similarly, the formation of ethanol which reduces the rate of shear between the 
mixing chamber and rotor causes the reduction in mixing efficiency, longer mixing cycle and 
affecting the final quality of mix19. 
4. Reduction in number of mixing cycles 
Dispersion of silica in rubber is not a single parameter dependent process.  The new 
developments in mixing equipment, mixing sequences and mixing cycles are also eventually 
needed to disperse the silica effectively in rubber matrix20.   
5. Low filler-filler interaction 
The most of winter tyre tread compounds are containing large amount of silica (> 70 
phr) to achieve improved wet skid properties and rolling resistance. The higher loading of 
silica in rubber leads to the percolated network of silica and these networks are more sensitive 
to dynamic mechanical strains21-22. This percolated network usually referred as interaction 
between filler to filler which is an adverse effect reduces the final performance of the 
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composites23. It is necessary to make a rubber compound with lower filler-filler network and 
it can be only achieved through by the improved dispersion of silica in rubber compounds.  
6. Improved abrasion resistance 
The abrasion performance of silica filled rubber composites is lower than in carbon 
filled system. The new development in silica technology like highly dispersible silica, high 
surface area silica filled rubber composites mutually shows improved wet grip, rolling 
resistance properties without sacrificing the abrasion properties. However the achieved 
abrasion level is still inferior as compared with carbon filled system24.    
7. Hindering the vulcanization efficiency and reduce rate of vulcanization   
Silanol groups are present on the surface of silica, which are able to react with oxygen 
or nitrogen containing compounds like glycols, water, alcohols, amines and divalent metal 
salts. Among these reactions that soluble zinc salts (ZnO and stearic acid mixture) forms 
during the vulcanization reaction is the major factor to be considered in silica compounding 
process. The reaction of the silica surface with soluble zinc salts is given in Figure 2.2 and the 
reaction takes place in two steps4. In the first step, the formation of soluble zinc ion by the 
reaction of zinc oxide with a fatty acid, secondly zinc becomes securely bound to one or two 
silanols. The insertion of zinc ion on the surface of silica transfers part of the free water and 
creates a heterogeneous surface in which the ratio of zinc-to-water is variable4. This ratio 
increases significantly, when the water is driven off by high mixing temperatures or when 
zinc oxide is added early in the mixing schedule. The ratio of zinc-to-water is reduced when 
the additions of silane, glycols or amine substances compete with soluble zinc for silanol 
attachment4. High ratios of zinc-to-water lead to a loss of soluble zinc from its cure activating 
function and lead to reductions in cure rate, mono and disulfide crosslinks and high strain 
modulus. These effects are accompanied by excessive elongation, set and heat build-up. At 
the same time, the presence of zinc on the silica surface reduces silica-polymer bond strength 
with a resulting loss in abrasion resistance4. Similarly silica containing compounds are 
accelerated with basic products such as diphenyl guanidine (DPG) or di-ortho-tolylquanidine 
(DOTG), a certain amount of accelerator is taken up by the silica and reduces the rate of 
vulcanization2.  A zinc-free curing system used with solution polymers or add the zinc salts 
after the silane modification has been effective in overcoming these characteristic silica 
compounding problems4. 
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Figure 2.2 reaction between silica surface and soluble zinc salts 
8. Narrow processing window leads to a compromise in limited rate of silanization at low 
temperature as well as scorch issues at higher temperature.   
In silica-silane system the effective silanization is achieved between 140 ˚C to 160 ˚C 
mixing temperatures16. At the same time temperatures above 160 ˚C the silane molecules 
(sulphur contained) may undergo premature cure reactions16. The sulphur-sulphur bonds in 
silane coupling agents are weak and broken during the excess heat generated during the 
mixing process.  This cleavage of silane sulphur molecules may donate free sulphur in to 
rubber compound mainly with high sulphur contained silane like TESPT. Above the 160 ˚C 
the available free sulphur can react with rubber causes the premature vulcanization25.  
2.5 State of the art: Sol-gel silica based rubber composites 
The first in-situ sol-gel reaction in silicone rubber matrix was performed by J.E. Mark 
in 198126. Several techniques are developed to produce silica particles inside the rubbers such 
as latex method, solution method, in-situ polymerization method, swelling method and 
condensation of alkoxysilane.  
a) Latex method 
Latex method is one of the simplest methods to generate silica particles in rubber 
compared to other methods. The silica synthesis by latex technique is prepared by the addition 
of a silica precursor (TEOS) into concentrated natural rubber latex in presence of alkaline 
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catalyst (ammonia) with a controlled amount of water. Prasertsri et al27 prepared 
approximately 10-30 phr of  silica in NR by this latex method. They have reported that 
without bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT), NR/in-situ silica composites 
exhibited higher reinforcement when compared to conventional silica filled NR composites. 
Tangpasuthadol et al.28 also prepared NR/in-situ silica composites,  Yoshikai et al29 prepared 
in-situ silica in SBR and NBR latex by sol-gel method and mentioned that the obtained silica 
particles are nearly 100-200 nm and the tensile strength of SBR and NBR was improved over 
of 30 MPa and 25 MPa respectively. The main advantages of latex technique is simple, cost 
effective, no need of additional catalyst (most of the latices are preserved under alkaline 
condition) to initiate the sol-gel reaction. There are few disadvantages like difficult to control 
the particle size by tuning the reaction conditions (temperature, pH etc.), avoiding premature 
coagulation of latex during the reaction and finally most of the rubbers are not often available 
in latex form. 
b) Swelling method 
Swelling method is also explored for the past few decades because of easy processing 
capability, controlled particle growth and low agglomeration tendencies. This method is 
involved in a two-step process; in the first step a thin sheet of rubber is swollen in a silica 
precursor (TEOS) for a certain period of time and in the second step the swollen rubber is 
immersed in the catalyst solution. The amount of silica in rubber is mainly controlled by the 
diffusion rate of TEOS into rubber and dwelling time of swollen rubber into the catalyst 
solution. Recently, Miloskovska et al30-32 studied the sol-gel silica formation by swelling 
method in natural rubber and EPDM rubber. They reported the diffusion mechanism of TEOS 
into rubber, silica formation and size particle size changing with respect to reaction 
conditions. Das et al33 reported the effect of sol-gel derived silica in TESPT silane grafted 
EPDM rubber and investigated the silica dispersion on the cure characteristics, dynamic 
mechanical performance of such composites. Last two decades there has been several works 
reported by Ikeda et al.34-37, Kohjiya et al.38-39, Murakami et al.40-41, Tanahashi et al.42 about 
the in-situ silica filling in vulcanized as well as unvulcanized various rubber matrices. 
However, this process is relatively time consuming compare to other techniques because of 
the longer processing time. Nevertheless, swelling method is mainly suited for vulcanized 
rubbers, as most of the unvulcanized diene rubbers are soluble in silica precursor (TEOS) as 
well as it is difficult to achieve higher amount of silica in the rubber because of the near 
solubility parameter between the rubber and TEOS. Moreover, generating silica particles in 
Chapter 2  Literature review 
   
21 
 
vulcanized rubber cannot be a good practice for rubber industries as it deforms the final shape 
of product and is also difficult to apply this technique for big rubber products like tyres.  
c) in-situ polymerization method 
In this method, the silica particles are prepared by the simultaneous synthesis of 
polymer as well sol-gel reaction together like as one pot method. Haraguchi et al43 reported 
the hybrid composites based on phenolic resin and silica prepared by in-situ polymerization 
technique. They reported that the obtained composites are transparent and translucent 
properties in nature; the optical properties of such composites were altered by the size and 
aggregated behavior of silica in composites. Matĕjka et al44 reported organic-inorganic hybrid 
composites based on rubbery crosslinked epoxy with in-situ sol-gel derived silica composites 
by simultaneous polymerization and sol-gel reaction. They mentioned that less than 10 vol% 
of silica in rubbery epoxy enhanced the two orders of magnitudes of tensile modulus as well 
as dynamic mechanical properties.  Jang et al45 reported the in-situ sol-gel process of 
polystyrene-silica hybrid material and the effect of silane coupling agents. Also they reported 
that the modification of silane enhances the thermal degradation properties of composites.  
Zhong Ma et al.46 prepared polyacrylate-silica composites by sol-process via emulsion 
polymerization. The influence of synthesis conditions and effect of silica modification by 
APTES silane coupling agent were studied with respect to the composite properties. Also the 
dynamic light scattering study indicated that the size of the particles is around 177 nm. 
However the above mentioned methods are till now explored only on plastic based 
nanocomposites not in rubber based composites.   
d) Condensation of alkoxysilanes   
By this technique one can prepare the functionalized or organically modified silica 
particles by using different silane coupling agents. The silane coupling agents are highly 
reactive with water resulting into organo-inorganic nanoparticles. The silica nanoparticles 
prepared by this technique consist of modified alkyl or aliphatic chains, which improve the 
compatibility with polymer. Wahba et al47 prepared silica-rubber nanocomposites by in situ 
sol-gel synthesis of trialkoxysilane as silica precursors with different functionalized silane 
coupling agents. The functional groups are included (a) alkyl and alkenyl groups like 
triethoxy(vinyl) (VTEOS), triethoxy(propyl)(PTEOS), troethoxy(octyl) (OCTEOS) (b) 
nitrogen containing alkyl groups like triethoxy(3-aminopropyl) (APTEOS), triethox(3-
cyanopropyl) (CPTEOS), triethoxy(3-propylisocyanate) (ICTEOS) (c)  sulphur containing 
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groups like trimethoxy(3-mercaptopropyl)(TMSPM), triethoxy(3-octanoylthio-1-propyl) 
(NXT), bis(3-triethoxysilylpropyl) disulphide (TESPD), bis(3-triethoxysilyl) tetrasulphide 
(TESPT). They reported that the functionality of silica precursors mainly contributes to the 
shape of the silica particles, filler-filler effect, filler-rubber interaction and dynamic 
performances of rubber composites. Pietrasik et al48 reported silica-carboxylated nitrile 
butadiene rubber hybrids prepared by the N-(2 aminoethyl)-3-aminopropyltrimethoxy silane 
as a source of silica precursor as well as a crosslinker. They investigated such silica 
composites by using dielectric relaxation spectroscopy, differential scanning calorimetry and 
dynamic mechanical experiments. In this work, it is explained that the molecular chain 
dynamics of rubber in α and β relaxations are not significantly affected by amount of in-situ 
silica formed and interaction. However α’ relaxation process is affected at higher temperature 
due to the presence nano-ionic domains comprised with silica and rubber chains. Siramanont 
et al49 prepared the sol-gel silica particles from the three alkyltriethoxy silanes like 
vinyltriethoxy silane, ethyltriethoxy silane, i-butyltriethoxy silane together with 
tetraethoxysilane in natural rubber latex. They reported further that the obtained silica 
particles are less than 100 nm in size and well dispersed in rubber matrix, which improved the 
tensile and tearing properties of natural rubber as compared to the conventionally silica 
incorporated composites.  
e) Solution method 
In solution technique the rubber is initially dissolved in a suitable solvent, and then the 
simultaneous silica precursor, water and catalyst are added.  By simply heating and 
continuous stirring on the system silica nanoparticles can be grown by sol-gel process. At the 
end of the reaction, the reaction mixture is solidified by the evaporation of solvent or pouring 
into non-solvents. This technique is relatively simple and more controllable technique to 
achieve better particle size and a higher amount of silica concentration in polymer. 
Bandyopadhyay et al50 prepared in-situ silica in acrylic rubber by using this solution method 
in presence of acid catalyst and the developed composites contained 20-90 nm of silica, which 
was confirmed by TEM analysis. The formed silica is dispersed throughout the ACM matrix 
as explored by SEM analysis. The so prepared composites offer higher tensile strength, tensile 
modulus and higher thermal stability. Mokhothu et al51-52 prepared EPDM rubber based in-
situ silica composites with TESPT silane coupling agent  and reported the homogenous 
dispersion of silica.    
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2.6 Expectation in tyre compounds 
Nowadays precipitated silica is one of the major rubber ingredients in passenger car 
tyre tread and in near future it may replace carbon black from different rubber products like 
tyres, belts, rollers, seals, gaskets, anti-vibration pads, fuel hoses etc. However, vehicle tyres 
are one of the important engineering products and are expected to serve different purposes 
like carrying the load of the vehicle, sufficient grip on the road, better steering forces to guide 
the vehicle,  better damping between the road and vehicle, good durability at high speeds and 
low fuel consumption.  
 
Figure 2.3 European Tyre labelling information58  
Simultaneously, in critical weather conditions like heavy rains and snow, the functional 
performance of tyres are further extended in the aspect of having better wet grip, ice grip 
properties as well as lower rolling noise. The tyre requirement and labelling information 
proposed by the European Tyre and Rubber Manufacturers Association58 is given in Figure 
2.3.    
Considering the above critical issues the tyre manufacturers are trying to optimize the tyre 
performance in terms of wet grip, ice grip and rolling resistance including without scarifying 
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the abrasion behaviors when developing winter tyres. To achieve better tyre performance, the 
optimization of these parameters is usually considered as the balancing of ‘magic triangle’. 
The carbon black filled tyre compounds are initially a successful tyre material, because of its 
excellent abrasion resistance. After implementing the tyre labelling system, it is found that the 
carbon black filled tyres have higher loss factor (tan δ) at higher temperatures, which 
represents the higher rolling resistance of tyre tread compound and it is directly related to the 
higher fuel consumption of vehicles by tyres. These issues in tyres have been rectified by the 
partial (or major) replacement of carbon black by precipitated silica in tyre tread compounds 
(“Green tyres”). Especially precipitated silica filled solution styrene butadiene rubber 
compound in passenger car tyre application has become more popular due to their improved 
rolling resistance and wet skid resistance53. The balance between the properties of the magic 
triangle is further extended to a ‘magic pentagon’ and precipitated highly dispersible silica 
filled solution styrene butadiene rubber system significantly improves this balances54. The 
typical representation of tyre needs is given in Figure 2.4.  
 
Figure 2.4 “Magic pentagon” in tyre technology 
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3 Experimental section 
3.1 Materials 
3.1.1 Rubber 
Solution styrene butadiene rubber (SSBR) BUNA 2525-0 VSL HM was supplied by 
Lanxess AG, Germany. The rubber containing 25 % of vinyl content, 25% of styrene content 
with the Mooney viscosity (ML (1+4) 100 ˚C) of 56 was used for this study. 
3.1.2 Silica and silane coupling agent 
The precipitated silica (ULTRASIL VN3 GR) was kindly supplied by Evonik 
Industries (Essen, Germany), having a purity of 99 %. The specific surface area (N2) of 
precipitated silica 175 m2/g, heating loss percent of around 5.5 at 2h, 105 ˚C (ISO 787-2) 
electrical conductivity of < 1300 µS/cm with pH of 6.2. The chemical structures and details 
of used different silane coupling agents were given in scheme 3.0 and table 3.1.  
Table 3.1 Technical details of different silane coupling agents 








Diethoxydimethyl silane (DMS) Sigma-
Aldrich 
148.28 97 






3-Octanoylthio 1-propyl triethoxysilane (NXT) Momentive 364.61 99 
(3-Mercaptopropyl)trimethoxysilane (MPTES) Evonik 196.33 99 
bis[3-(triethoxysilyl)propyl]disulfide (TESPD) Evonik 474.82 99 
Bis(3-
triethoxysilylpropyl)tetrasulphide(TESPT) 
Evonik  538.94 99 
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Scheme 3.0 Chemical structure of different silane coupling agents  
 
3.1.3 Other rubber ingredients 
The details about the other rubber ingredients and chemicals used in this work are 
given in Table 3.2.  
Table 3.2 Technical details of different chemicals 





N-butylamine Acros organics 73.13 99 
Zinc oxide Acros organics 81.38 99.5 
Stearic acid Acros organics 284.47 97 
N-Cyclohexyl 2-benzothioazole 
sulphinamide (CBS) 
BAYER-Vulkacite CZ 264.405 99.5 
Diphenyl Guanidine (DPG) Lanxess chemicals 211.26 99.5 
Sulphur Acros organics 32.05 99.5 
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3.2 Preparation of sol-gel in-situ silica and precipitated silica based rubber compounds 
3.2.1 Preparation of rubber-silica masterbatches 
The preparation of SSBR-silica composites was carried out in two stages. In the first 
stage, silica-rubber masterbatches were prepared. To a rubber solution with 30 g of SSBR in 
300 ml of THF (tetrahydrofuran), 0.1 mole of TEOS and 0.2 moles of water were added in a 
round bottom flask. Then 0.02 moles of n-butylamine were added as a catalyst and the whole 
homogenous mixture was stirred and refluxed for 4 hours at 60 °C. The obtained white 
viscous solution mixture was ultrasonicated for 10 min to avoid the pre-agglomeration of 
silica particles. The sonicated solution was then slowly poured into 900 ml of ethanol to 
solidify and precipitate the silica-rubber phase immediately. The precipitated mass was 
collected by simple filtering process, washed with ethanol and dried for 48 hours at 40°C in 
hot air oven to evaporate the trace solvents. The dried mass contained only the SSBR matrix 
with sol-gel silica particles. By varying the quantity of TEOS and water (with the same mole 
ratio of 1:2) different volume fractions of silica in rubber were prepared and quantified by 
TGA. The detailed synthesis procedure in flow chart is given in scheme 3.1. For the 
investigation of in-situ silica particles, the particles were removed from the immediate 
synthesis of in-situ silica in rubber solution by directly pouring into THF solvent instead of 
ethanol. The removed particles were washed multiple times using THF by centrifugal 
method.    
Scheme 3.1 Flow chart of in-situ silica-SSBR masterbatches preparation 
3.2.2 Compounding with ingredients 
In the second stage, the rubber-silica masterbatches were compounded with pure 
SSBR, silane and the vulcanizing ingredients. Hereby, in a first step, the SSBR/in-situ silica 
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masterbatch with an appropriate amount of raw SSBR was given into a Haake Rheomix 600P 
internal mixer (Fig. 3.1a).   
 
Figure 3.1a) Haake internal mixer b) Two roll mixing mill  
 
Scheme 3.2 Flow chart of in-situ silica and commercial silica compounding 
Additional raw SSBR served to fine-tune the rubber-silica concentration. After sufficient 
mixing, other rubber ingredients: zinc oxide (2 phr), stearic acid (3 phr) and TESPT coupling 
agent (1 phr for 10 phr of silica) were added sequentially. The compounding process was 
performed at 110 °C and 80 rpm for 6 min and the compounds were dumped at a temperature 
a) 
b) 
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of ~130 to 150 °C. The flow chart of in-situ and commercial precipitated silica compounding 
was given in scheme 3.2. 
3.2.3 Compounding Formulations 
Table 3.3 Formulation of precipitated ULTRASIL VN3 silica based SSBR compounds 
Ingredients Gum x-silica x-silica with silane 
SSBR 100 100 100 
ZnO 3 3 3 
Stearic acid 2 2 2 
silica - 10, 20, 30, 40 and 50 10, 20, 30, 40 and 50 
TESPT - - 1, 2, 3, 4 and 5 
CBS 1.4 1.4 1.4 
DPG 1.7 1.7 1.7 
Sulphur 1.4 1.4 1.4 
 
Table 3.4 Formulation of in-situ silica based SSBR compounds 
Ingredients i-silica i-silica with silane 
SSBR/in-situ silica 
master batches* 
110, 120, 130, 140 and 150 110, 120, 130, 140 and 150 
ZnO 3 3 
Stearic acid 2 2 
TESPT - 1, 2, 3, 4 and 5 
CBS 1.4 1.4 
DPG 1.7 1.7 
Sulphur 1.4 1.4 
*The amount of silica in rubber compounds are estimated from the thermogravimetric analysis. The final weight 
loss above 700˚C is obtained from thermogravimetric analysis is considered as an amount of silica presented in 
the compounds.   
 
In a second step, the vulcanizing chemicals CBS (1.4 phr), DPG (1.7 phr) and sulphur (1.4 
phr) were added to the compound in a two-roll mixing mill (Polymix-110L, Servitec 
Maschinen Service GmbH, Wustermark, Germany, Fig. 3.1b) at 50 °C for 10 min with a 
constant friction ratio of 1:1.2. Likewise commercial silica based rubber composites were 
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prepared by sequential addition of rubber, zinc oxide, stearic acid, silica (commercial 
precipitated silica, ULTRASIL-VN3 GR) and TESPT coupling agent into the Haake internal 
mixer. The mixing process was performed at 110°C and 80 rpm for 10 min; a similar 
procedure is followed as mentioned for in-situ silica for the incorporation of vulcanization 
chemicals. 
3.2.4 Moulding 
The final compounded SSBR/in-situ and commercial silica samples were then 
allowed to mature for approximately 24 hours at room temperature. The matured samples 
were further subjected to rheometric study using rubber process analyzer (Scarabaeus SIS-
V50, Scarabaeus GmbH, Wetzlar, Germany) to find the optimum cure time. After that the 
compounds were vulcanized into sheets of 2 mm thickness at 160 ˚C by the use of a 
compression molding press (Fig 3.2). 
 
Figure 3.2 Compression moulding machine 
3.2.5 Sample abbreviation 
The samples are abbreviated based on the type of silica, amount of silica, and 
followed by the type of silane. e.g.:   i-30_DMS,   x-30_TESPT, etc. ‘i’ and ‘x’ denote in-situ 
silica or commercial silica (Ultrasil-VN3) respectively, the numbers denote the amount of 
silica loading in ‘phr’, (30 means 30 phr silica filled compound), the abbreviated text for 
different silane coupling agents are mentioned at the end. Diethyl dimethoxy silane (DMS), 
3(aminopropyl) triethoxysilane (APTES), n-octodecyltriethoxsilane (ODTES), 3-octanoylthio 
1-propyl triethoxysilane (NXT), (3-mercaptopropyl)trimethoxysilane (MPTES), bis[3-
(triethoxysilyl) propyl]disulfide (TESPD) and  bis[3-(triethoxysilyl)propyl] tetrasulfide 
(TESPT). 
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3.3.1 Thermogravimetric analysis 
The amount of silica in the rubber compounds was investigated by thermogravimetry  
(TGA Q 5000 from TA Instruments, New Castle, USA) at a heating rate of 20 K/min under 
nitrogen atmosphere up to 600 °C and then under oxygen atmosphere from 600-800 °C (Fig 
3.3). From the samples containing only silica and rubber, the quantitative content of silica 
and the conversion of silica from the precursor can be calculated by the following simple 
expressions. 		
		%  	 				  100	  (3.1) !"
#$	%  %&'(	'&		)*+'(	'&		)*+  100 (3.2) 
 
 
Figure 3.3 Thermogravimetric analyzer 
3.3.2 Rheological study 
3.3.2.1 Mooney viscosity 
Measurement of the viscosity of unfilled and filled rubber compounds were carried 
out in a Mooney viscometer (Montech Rheotechologies, Buchen, Germany, Fig 3.4). The 
conventional large rotor was used and the measurement conditions were ML (1+4) at 100°C 
(One minute of preheating time and four minutes of measurement time). The Mooney 
viscosity of the rubber compounds were noted at fourth minute of the measurement. The 
gradient of shear induced viscosity drop (thixotropic behaviour) of in-situ silica included 
rubber compounds were calculated as the difference between the Mooney units at 0 and 4 
minutes. 
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Figure 3.4 Mooney viscometer 
 
3.3.2.2 Dynamic filler flocculation  
Filler flocculation characteristics and vulcanization kinetics of the rubber compounds 
were studied using a Scarabaeus SIS-V50 rubber process analyser, Wetzlar, Germany (Fig 
3.5). A three stage flocculation study was carried out at 120°C and 1.67 Hz.  In the first step a 
high dynamic strain of ~25 % was applied to destroy all the filler agglomerates in the sample. 
In second stage, a low dynamic shear strain (1.4 %) was applied for 2 hours to study the 
reformation of the filler-filler networks. In the third stage dynamic strain from 0 to 70 % was 
applied to study the Payne effect1. The flocculation tendency of silica particles and their 
strain dependency (Payne effect) were calculated by the following equations,  




	  <=%> ? <@=%>   (3.4) 
Where, <AB=123>  is the shear modulus at 120 minutes and <=123> is the shear modulus during 
the beginning of the experiment, <@=%>  is the modulus at 70% dynamic shear strain and <=%> is 
the modulus at ~ 0% dynamic strain.  
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3.3.2.3 Vulcanization study 
Vulcanization studies of the rubber-silica composites were conducted in the same 
instrument in isothermal time sweep mode at 160 °C for 60 minutes. 
 
Figure 3.5 Rubber process analyser for the determination of processing characteristics 
3.3.3 Fourier transform infrared analysis (FTIR) 
To study the silica formation in rubber, solution samples were taken at different 
periods of time and poured immediately into ethanol. The solidified mass was dried at 30 ˚C 
for 2 hours and used for further Fourier transform infrared (FTIR) analysis.  
 
Figure 3.6 Bruker Vertex 80v - FTIR spectrometer 
To separate the in-situ prepared silica powder the final reaction mixture was poured into THF 
and washed by means of centrifugation process for 5 cycles. Attenuated total reflection 
(ATR) FTIR spectra were taken using a Bruker - Vertex 80v spectrometer, Ettlingen, 
Germany (Fig 3.6) equipped with both HgCdTe-detector and Golden Gate ATR-unit 
(Specac). The spectral region was 4000 - 600 cm-1 and 4 cm-1 spectral resolution was applied. 
100 scans were co-added to every spectrum. To compare the spectra properly the data were 
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normalized using band of CH2-stretching vibration at 2915 cm
-1 as a reference (internal 
thickness band)2. 
 
3.3.4 Physio-mechanical testing 
The tensile tests were performed at DIN S2 dumbbell specimens as per the DIN 53504, using 
Zwick/Roell-Z010 material testing machine, Ulm-Einsingen, Germany (Fig 3.7) with an 
optical elongation sensor at a cross head speed rate of 200 mm/min at room temperature. 
Hysteresis experiments were carried out with uniaxial tensile cyclic experiments using dumb-
bell shape tensile samples. The samples were stretched for 3 cycles with different strains of 
50%, 100% and 150%. The hysteresis loss (H: the quantity of energy dissipated during cyclic 
loading and unloading) was calculated from the area of hysteresis loop which is obtained by 
the work done during extension (CA) and retraction (CB)3. D  CA ?CB. Hysteresis loss of 
the vulcanizates mainly depends on the input energyCA. The energy dissipation is relative 
to the applied energy on loading cycle which is calculated by area under the extension curves CA4. The hardness of rubber composites was measured by Bareiss Shore-A hardness tester 
(Bareiss Prüfgerätebau GmbH, Oberdischingen, Germany). 
 
  
Figure 3.7 Mechanical material testing machine 
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3.3.5 Dynamic mechanical analysis (DMA) 
3.3.5.1 Temperature sweep  
The dynamic mechanical analysis of different silica filled composite was performed 
on a dynamic mechanical thermal spectrometer (Gabo Qualimeter, Ahlden, Germany, model 
Eplexor-150N) in tension mode (Fig 3.8). The temperature sweep experiments were 
performed at frequency of 10 Hz between -60 oC and 80 oC with a heating rate of 2 K/min, 
0.5 % dynamic strain and 1 % static strain. 
 
Figure 3.8 Dynamic mechanical analyzer  
3.3.5.2 Strain sweep 
The amplitude sweep measurements were performed on Eplexor-2000 N in tension 
mode at room temperature, at a constant frequency of 10 Hz, 60 % pre-strain and dynamic 
strain from 0.01-30 %. Hydrodynamic reinforcement values for the samples were calculated 
using the Chen-Acrivos model5-6 (Eq. 3.5). It is assumed that at high values of dynamic strain 
there would be no filler-filler interaction and the dynamic modulus of composite will be only 
influenced by hydrodynamic reinforcement7(Fig 3.9). The experimentally obtained strain 
sweep values and extrapolated higher strain values are further fitted with Kraus model (Eq. 
3.6) to understand the quantitative information about filler dispersion and filler-filler 
networks from the strain sweep measurements. 
E  E1 + 2.5J + 5JB    (3.5) E>K  EL> + E> ? EL> /1 + K/KB  (3.6) 
Ec and Em are the low strain dynamic elastic moduli of the composite and pure matrix 
obtained from dynamic strain sweep measurements, φ is the volume fraction of silica 
presented in a vulcanizates, K is a critical strain amplitude defining the maximum breakdown 
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of filer-filer network (or strain at which the maximum modulus reduction occurs),	 is the 
tensile strain amplitude, 
 and 
 are the initial and final modulus of rubber composites 
respectively (here 
 is the modulus extrapolated by Chen-Acrivos function and which is 








Figure 3.9 Different material properties on the contribution of storage modulus in filed 
rubber system 
3.3.5.3 Frequency sweep 
To generate master curves, frequency sweep experiment was carried on Eplexor-150N 
instrument from 0.5 to 50 Hz, with every 5 °C increase from 0 °C to 80 °C. The machine 
software utilizes the time temperature super position principles (WLF equation) to generate 
master curves. 
3.3.6 Other rubber performances 
3.3.6.1 Heat build-up 
The heat build-up experiment was conducted in the Eplexor 2000 N, according to 
DIN 53533 standards. The samples were preconditioned at 50̊C for 30 min and the 
measurement was performed with 1 MPa preload and 4.45 MPa of dynamic compression 
load. Solid cylindrical sample with dimensions ∅17mm x 25 mm was used for analysis. The 
heat developed inside the sample was measured by a sharp tip thermocouple at the end of the 
measurement. The dynamic compression set due to dynamic strain was measured after 1 hour 
of heat build-up measurement. The heat build-up and compression set was calculated by Eq. 
3.7 and Eq. 3.8 respectively. 
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		100        (3.8) 
Where, 	is the initial temperature of the specimen and  is the core (inside) final 
temperature of the specimen,  and  are the initial and final height of sample. 
3.3.6.2 Rebound resilience 
Rebound resilience of the composites was determined by resilience tester (Bareiss 
Prüfgerätebau GmbH, Oberdischingen, Germany) according to DIN 53512, ISO 4662 free 
fal pendulum method (Fig 3.10) at 20°C and 60°C. Circular specimen of 60 mm diameter 
and 5 mm thickness was utilized. 
 
Figure 3.10 Free fal pendulum based rebound resilience tester 
3.3.6.3 Abrasion properties 
The abrasion experiments were conducted in a DIN rotating drum abrader (Fig 3.11) 
according to DIN 53516 / DIN ISO 4649 standard test procedure. The circular sample with 
dimensions ∅16.1 mm x 4.2 mm was used. The abrasion resistance index (ARI) and relative 




100                 (3.9) 
where,  is the mass loss of the standard rubber test piece #1 in mg,  is the density of 
standard rubber #1 in g/cm3,  is the mass loss of the test rubber piece in mg, and  is the 




                  (3.10) 
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where, ∆7& is the measured mass loss in standard reference rubber in mg, \7 is the 
mass loss of the standard rubber #1 test piece in ‘mg’, \7 is the mass loss of test rubber 
piece in mg, and ] is the density of the test rubber in g/cm3. 
 
Figure 3.11 DIN rotating drum abrasion tester 
3.3.7 Solid state NMR analysis 
3.3.7.1 Low field 1H NMR-Double quantum experiments 
 
Figure 3.12 Bruker minispec mq20-low field 1H NMR spectrometer 
Double quantum (DQ) NMR experiments were carried out to understand the effect of 
crosslink density on rubber by the incorporation of filler and silane coupling agent. The DQ 
measurement was performed on Bruker minispec mq20 (Bruker Biospin GmbH, 
Rheinstetten, Germany) low-field time-domain 1H NMR spectrometer (Fig 3.12) with the 
operating of 20MHz (0.5Tesla) at 110 oC. The 90o and 180o pulse lengths were 3.1 and 5.8 µs 
respectively with dead time of 15 µs. This is a novel and powerful method to measure the 
crosslink density of crosslinked rubbers and rubber composites by detecting the weak residual 
dipolar coupling8 existing in polymer networks.  The presence of crosslinks in rubber 
increases the non-isotropic fast segmental motions of rubber chains. Due to the non-isotropic 
behaviour of crosslinked rubber, the dipole-dipole couplings between the protons in 
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monomeric units are not averaged out (like low molecular weight liquids) but a residual 









Fig 3.13 Reference intensity (Iref), Double Quantum build intensity (IDQ), defect-
corrected overall relaxation function (I∑MQ) and the normalized Double Quantum 
buildup curve (InDQ) for vulcanized SSBR gum sample (unfilled and vulcanized with 2 
phr of Sulphur) as a function of DQ evolution time (τDQ). The dotted lines represents 
Gaussian fit of dipolar couplings based on Eq.12a 
The residual dipolar coupling is proportional to the crosslink density of the vulcanized 
network. DQ-NMR measurements generate two main signal components (see Fig 3.13). A 
reference intensity decay curve (Iref) and Double quantum buildup curves (IDQ). The sum of 
both components (Iref + IDQ) consists of the whole magnetization of entire sample, which 
means the contributions of dipolar coupled networks and uncoupled network defects (like sol-
gel fraction, dangling chain ends and loops). Dipolar coupled networks exhibit faster non-
exponential relaxation as compared to uncoupled network, which has slower exponential 
decay10. To correct the raw IDQ build up data arise from the dipolar coupled network for the 
long time relaxation effect, the data is treated with suitable relaxation function (I∑MQ) divided 
by point to point. This function (Eq. 3.11) is utilized to extract the non-elastic or uncoupled 
network fraction from the entire sample.  
 W∑bc  W + Wdc ? Bexp?2idc PB⁄     (3.11) 







































DQ evolution time (ms)
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The defect fraction B can be calculated easily by an exponential fit to the data range, where 
IDQ reached to zero (i.e a DQ evolution time beyond 9 ms) and PB is transverse relaxation 
decay (non-exponential). In permanently crosslinked networks W∑bc is used to normalize the 
DQ filtered intensity by removing the relaxation effect on the experimental data. Thereby, 
DQ buildup data can be normalized, obtaining	W&dc  Wdc/W∑bc. The obtained normalized 
DQ intensity (W&dc	is further fitted with the mentioned Gaussian distribution function (Eq. 
3.12a) of dipolar coupling according to 
W&dck, m.  ABn1 ? opqr5
+s	tYu`+ 	itv+/wxs	my+ 	itv+ z{A|xs	my+ 	itv+ }      (3.12a) 
The residual dipolar coupling k values are directly proportional to the crosslink density of 
the polymer network, m. represent the distribution of crosslinks throughout the sample. W&dc	is independent of the time scale of chain segmental motion and related to the network 
structure therefore to the residual dipolar coupling constant k in rad/s was given as  k/2~ in the unit of frequency (Hz) for simplicity11. It is well established k is directly 
related to the dynamic chain order parameter () and given in Eq. 3.12b.  
k ∝   AB 3〈$B〉 ? 1     (3.12b) 
Where 〈$B〉 denotes the time average overall conformations of network chains and 3〈$B〉 ? 1 denotes the structural average over all segments in rubber sample. The θ 
indicates to the instantaneous segmental orientation with respect to the end-to-end vector of 
the particular chain.  is the number of statistical segments between constrains and R=1. 
Therefore k is a direct measurement of the real crosslink density and the detected crosslink 
density is a combined quantity of chemical crosslinks (sulphur bridges) as well as physical 
crosslinks (entanglements)12. k values are obtained from the slope of the normalized DQ 
intensity curves. The obtained k values from the Gaussian fit represents the amount of 
crosslinks existed9. m. is sensitive to the spatial distribution of crosslinks and was 
successfully evaluated  to homopolymer networks, like natural rubber, butadiene rubber and 
silicone rubber13. Due to the huge heterogeneity in the chemical structure of styrene 
butadiene rubber and copolymers, the broad k	distribution was observed in samples and it 
minimizing the effect of network structure14. For that reason m. is not discussed in this work. 
The experimental k/2~ values are used in this work to investigate the influence of filler 
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content, chemical properties of filler, effect of silane coupling agent on the crosslink density 
of rubber. 
3.3.7.2 Solid state 29Si NMR experiments 
The solid state 29Si-NMR experiments were performed on the in-situ and commercial 
silica powders as well their respective SSBR composites. The NMR experiments were 
performed on a Bruker Avance 300 NMR spectrometer (Bruker Biospin GmbH, Rheinstetten, 
Germany) operating at Larmor frequencies of 60 MHz and 300 MHz for 29Si and 1H 
respectively. A Bruker BL 4 HX double resonance probe accepting 4 mm o.d. rotors with a 
magic angle sample spinning (MAS) rate of 5 kHz was used. Direct excited 29Si spectra with 
a repetition time of 10 s had been recorded of the pure silica samples. Because of the 
extensive longitudinal relaxation time of 29Si these spectra was semi quantitative, however 
they are time consuming. Therefore, 29Si-1H CPMAS spectra of the filled polymer samples 
have been recorded using a contact time of 2 ms.  
3.3.8 Equilibrium swelling experiments 
For crosslink density measurements by equilibrium swelling method, three different 
geometrical samples like circular, square and triangular with 2 mm thickness were weighed 
and submerged in toluene (molar volume (Vs) = 106.2 mL/mol, density (ρs) = 0.87 g/cm
3) 
bath for 72 hours at room temperature (25 ºC) in sealed glass vials and kept it in to a dark 
place to prevent the samples from the photo degradation effect. After that, the taken samples 
were wiped with tissue paper to remove the excess solvent adsorbed on the sample surface 
and weighed on a high precision balance. Finally the samples were dried at 60 ºC until to 
achieve the constant weight. The initial weight, swollen weight and final dried weight of 
samples were to be used to calculate the crosslink density of gum and silica filled composites. 
The crosslink density of gum and in-situ silica filled SSBR composites were investigated by 
equilibrium swelling method. The volume fraction of rubber (vr) is determined
14 by Eq. 3.13.
       
"  R23`2YR23`2Y |0`         (3.13) 
Where, wi, ws and wd are the initial weight of samples before swelling, swollen and dried 
samples after swelling, respectively. wo is the equilibrium weight of solvent absorbed by the 
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samples. w0 = ws-wd, fins is the weight fraction of the insoluble substances like silica and zinc 
oxide. The classical Flory-Rehner equation is utilized with regard to the volume fraction to 
calculate the crosslinking density (vFR = 1/Mc). Two types of network models
15 have been 
proposed to analyze the network structures of cross-linked polymers which are the Affine 
(Eq. 3.14) and the Phantom network (Eq. 3.15) model; the equations are as follows.  
      
ln1 ? " + " + "B  ? ZYb^ U "/ ? BY      (3.14) 
 
ln1 ? " + " + "B  ? ZYb^ U 1 ? B "/     (3.15) 
 
Hereby, ρr is the density of rubber, Vs is the molar volume of toluene, χ is the Flory-Huggins 
interaction parameter (0.413) for SBR-toluene and f is the crosslink functionality.  
3.3.9 Linear friction tester  
The friction experiments were performed on a tribometer-linear friction tester at the 
Deutsche Institut für Kautschuktechnologie (DIK), Hannover, Germany and the schematic 
diagram of friction tester is shown in Figure 3.14a. The test samples are prepared by the size 
of 20 mm × 20 mm × 10 mm prepared by the compression molding machine. The edges of 
the samples are chambered to avoid the buckling effect of rubber sample when contacting the 
asphalt surface and shown in figure 3.14b. The friction tester can be operated at the 
temperature of 2 ˚C to 100 ˚C with the velocity of 0.1 mm/s to 300 mm/s by varying the load 
from 1 bar to 7 bar. The current experiments were performed at 15 ˚C, 2 bar load with the 
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Figure 3.14 a) Linear friction tester instrument b) Sample probe 
Table 3.5 The glass transition temperature of rubber samples used and estimated 
friction measurement temperature by WLF principle 





(× 10-4  g/cc) 
Gum -27.8 14.96 42 1.463 
i-30 -27.8 14.96 56 2.128 
i-30s -26.0 15.63 59 2.718 
x-30 -28.2 14.81 56 1.571 
x-30s -26.8 15.33 57 2.202 
 
The experiments were carried out at fine asphalt surface filled with water to understand the 
friction properties of rubber composites in the wet condition. It is generally considered that 
ABS wet braking temperature for tyre tread compound is approximately 40 ˚C and the 
slipping velocity is around 1m/s. The used linear friction tester is not able to reach such a 
mentioned velocity; due to that reason the time-temperature superposition principle was 
utilized to calculate the right temperature for 10 mm/s (the measureable velocity by machine). 
The universal WLF constants (C1 = 17.44 and C2 = 51.6 K) were used to calculate the test 
temperature with the help of glass transition temperature of composites16. The glass transition 
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temperature (Tg) of gum and silica filled composites were estimated by the dynamic 
mechanical temperature sweep measurements17. Based on the Tg of rubber composites and 
using WLF superposition principle the estimated friction measurement temperature was 
approximately 15 ˚C and represented in Table 3.5. That means the friction behaviour of the 
SSBR-silica compound measured at 10 mm/s and 15°C which is corresponds to 1 m/s at 
40°C18-19. 
 
3.3.10 Tear-fatigue analyzer (TFA) 
 
Figure 3.15 - Instron Electroplus E1000 used for Tear-Fatigue analysis 
The crack propagation behaviour of composite was investigated by Instron 
Electroplus E1000 from Norwood, Massachusetts, USA (Fig 3.15). Pure shear specimens 
(Fig 3.16) were used for crack propagation experiments with span length L0 = 10 mm, 
thickness B = 1 mm, width W = 80 mm. The initial cut was generated manually with the 
length a0 of 25 mm on one side edge of the specimen which develops into the crack length a, 
is sufficiently long compared to the length of L0. The experiments were carried out at 23 ˚C 
with 1 N of pre-force and the further details about the experiments can be found in the 
following refercences20-23. In early stages Rivlin and Thomas24 reported the tearing energy as 
the characteristic parameter of fatigue crack growth behaviour of elastomeric materials and it 
is defined as P  ?C/6, where W is the elastic strain energy, A is the interfacial area 
of grown crack.  
Based on the assumption of  Rivlin and Thomas24, the pure shear specimen can be divided 
into four regions. The material in region A1 is unstrained, in region D is the complicated 
deformation due to the crack tip, C is the pure shear deformation region and an edge effect 
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region is denoted as 6, when the crack length increases by da. The deformation state in 
region D does not change but shift parallel in the crack growth direction. In this case, the 
volume of region C is L0×B×da smaller and the elastic stored energy in this volume is 
released. For a pure shear test specimen geometry the tearing energy P   is independent of the 
crack length. 
P  . =       (3.16) 
Where w is the elastic pure shear strain-energy density measured from the unloading stress-
strain curve of un-notched specimen. Two uncracked samples with different width (80 mm 
and 60 mm) are used to calculate the pure shear elastic strain energy density w in order to 
remove the energy contribution of edge effect region. 
   ('	'&	&		=		'(5('	'&	&		=		'(=5=A=A  (3.17) 
 
 
Figure 3.16 Schematic diagram of pure shear test specimen with visualization of regions 
under different stress conditions 
 
Gent, Lindley and Thomas25 determined experimentally the rate of crack growth da/dn in 
dependence on the tearing energy T for rubber materials and the typical relationship is given 
in Fig 3.17. Lake and Lindley26 divided the double logarithmic plot into four regions which 
mainly characterize different tear behaviour of viscoelastic material. The value of T is lower 
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than T0, crack growth proceeds at a constant rate (#) and the crack growth is independent of 
dynamical loading but affected by environmental attack. 
'&  # when T ≤ T0        (3.18) 
In the region-ІІ between T0 and T1 denotes a transition between a nucleation and propagation 
of crack growth. 
'&  6P  ? P= + # when T0 ≤  T ≤ TI     (3.19) 
 
Figure 3.17 Double logarithmic plot of crack growth rate (da/dn) versus tearing energy 
(T)  
After this transient region, the crack propagates in a region between TI and Tc of stable crack 
growth which is represented in the region-ІІІ. The relationship between a stable fatigue crack 
growth rate da/dn and tearing energy is described by Paris-Erdogan27 with the power law 
equation given in the following equation.  
'&  ¡. P when TI ≤ T ≤ Tc      (3.20) 
Where, B and m are material constants. TI denotes the onset of the stable crack propagation 
regime and Tc is the critical tearing energy which marks the transition to the instable regime. 
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In the final region-ІV the tearing energy Tc proceeds to the instable state of crack growth and 
the crack growth rate will become essentially infinite.  
'& 	∝ when T ≤ Tc        (3.21) 
The region-ІІІ was considered as the region that corresponds to crack growth rates found in 
the engineering fatigue range.  
 
3.3.11 Morphology study 
3.3.11.1 Scanning electron microscopy (SEM) 
Scanning electron micrographs of composites were taken by Ultra plus electron 
microscope (Fig 3.18) from Carl Zeiss NTS GmbH, Oberkochen, Germany, 3 kV, 30 µm 
aperture size and SE2 detector. A strip of sample was subjected to brittle fracture after 
exposure to liquid nitrogen. The fractured surface was further sputter coated with 3nm 
platinum using BAL-TEC SCD 500 sputter coater and examined under the SEM at zero tilt 
angle. 
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3.3.11.2 Energy dispersive X-ray spectroscopy (EDX) 
The specimens were attached with adhesive tape onto a specimen holder and coated 
with approximately 10 nm thin amorphous carbon film (SCD 500 coater, Leica Microsystems 
GmbH, Wetzlar, Germany) to prevent charging and investigated in scanning electron 
microscope (SEM) Ultra 55 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) 
equipped with Quantax XFlash 5060 energy dispersive X-ray (EDX) spectrometer (Bruker 
Nano GmbH, Berlin, Germany). The acquired spectra were quantified with ESPRIT Software 
(by Bruker) by PB-ZAF method. The both in-situ and commercial silica were modified by 
silane coupling agents inside the rubber during the mixing process and did not contain any 
other rubber ingredients. Approximately 2 g of silane modified silica rubber masterbatch was 
swollen in THF for 7 days, then stirred for few hours and then rinsed with THF by 
centrifugation process. The rinsing process was carried out with THF for several times to 
remove any unreacted silane molecules and the rubber chains which are loosely adsorbed on 
the silica surface. Finally the removed filler particles are dried at room temperature for 48 hrs 
and investigated by EDX spectroscopy. 
 
3.3.11.3 Transmission electron microscopy (TEM) 
The dispersion of silica in rubber matrix was investigated by using TEM model 
LIBRA 120 PLUS (Fig 3.19) by Carl Zeiss SMT with 120 kV acceleration voltage and bright 
field illumination. The ultra-thin sections of silica composites were prepared by ultra-
microtomy (Leica Ultracut UCT, Leica microsystems GmbH, Wetzlar Germany) at -120 ˚C.   
 
Figure 3.19 TEM-Libra 120 plus 
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3.3.12 Dynamic light scatering analysis (DLS) 
The silica particle size and distribution was measured by the help of dynamic light 
scatering analyser, Dyna Pro-nanostar (Wyat instruments, California, USA) with a 
measurement size range from 0.2 to 2500 nm by using 785nm laser wave length (Fig 3.20). 
The experiment was caried out at 25ºC with a dispersion of silica powders in ethanol. The 
light scatering measurements was performed for 3 samples with minimum of 25 scans for 
each samples. The best and consistent data can be utilized for the analyses. 
 
Figure 3.20 Dynamic light scatering instrument 
3.3.13 X-ray diffraction (XRD) 
 
Figure 3.21 XRD 3003 T/T difractometer 
X-Ray diffraction analysis was performed using 2 circle difractometer XRD 3003 T/T (Fig 
3.21, GE inspection technologies/Seifert-FPM, Freiberg, Germany) with Cu-Kα radiation 
generated at 30 mA and 40 kV in the range of 2θ = 1 ° to 16 ° using 0.05 º as the step length. 
The in-situ silica powder sample was prepared by the immediate pouring of synthesized final 
reaction mixture (after completing the sol-gel reaction and contains in-situ silica in rubber 
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solution) into THF and washed by centrifugation process for several cycles. The separated in-
situ silica powder was dried at 40 °C for 48 hours. The precipitated silica powder was used as 
it is procured. 
3.3.14 Estimation of silanol density 
The silica surface is characterised by a great number of superficial hydroxyl (silanol) 
groups. The silanol groups situated on the silica surface are categorized into three chemical 
structures like isolated, vicinal and geminal hydroxyl groups. The inherent reinforcement 
characteristics of silica mainly depend on the surface area and functionality. The estimation 
of the specific number of silanol groups situated on the silica surface was calculated by Eq. 
3.22,28 
¢D	/72  £23¤¥	¦u2§¨[	¥_``	1_2`[©Yu/00 	 +/ª	.=BA=A=+)	'	''	BA=/ª	                        (3.22) 
Where, final weight loss in % at 800 °C (obtained from thermogrametric analysis), moisture 
content in % (estimated by drying of silica powder at 110 °C for 2 hrs by ISO 787-2 
standards), Na is the Avogadro number (6.0210 x10
23), the specific surface area of silica 
(estimated by BET nitrogen adsorption measurements). The BET nitrogen adsorption for 
specific surface area of in-situ silica nanoparticles and commercial silica powder was 
measured at 77.4 K by Autosrob-1, Quantachrome, USA. The silica powders were 
preconditioned at 80 °C for 2hrs in a vacuum oven before BET measurements. 
3.4 State of the art: In-situ silica-rubber reinforcement 
In our approach we have adapted solution method to prepare silica particles in rubber. 
The solution method possesses good control throughout the sol-gel reaction. As well it is easy 
to control the processing parameter by the way one can control the silica particle growth.  
The generation of silica particles inside the rubber can offer a possibility of good silica-
polymer interaction although enhanced silica dispersion. Also the generation of silica in 
rubber exhibit excellent processability in terms of lower Mooney viscosity, low flocculation 
behavior, reduces the average mixing cycle time with improved dispersion and silanization 
by silane. Also this method is offering the generation of higher quantities of silica in rubber 
compared to other sol-gel method. In the present study, we have followed the sol-gel route to 
generate silica nanoparticles in presence of a solution of raw SSBR. The silica concentration 
as well as the size of the particle is controlled by tuning of reaction conditions like TEOS-
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water ratio, type of catalyst (acid or alkaline), reaction pH and temperature, type of solvent 
and viscosity of reaction medium. The generalized synthesis route of sol-gel silica via TEOS 
is given in Scheme 3.3. 
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Effective dispersion of silica in rubber and achieving the improved filler-polymer 
interaction are major challenges in the field of tyre and rubber technology1-2. New 
developments in precipitated silica technology, rubber mixing technology and new 
compounding methods are still not enough to achieve good dispersion of silica in rubbers. In 
the last few decades, there have been reports suggesting that in-situ generation of silica 
particles inside the rubber matrix is one of the easiest methods to achieve improved dispersion 
of silica in the rubber matrix. It is also reported that such technique would offer improved 
silica-polymer interaction. By the way, there are many silica synthesis methods like swelling, 
latex, solution, condensation of silanes to generate silica particles inside a rubber3-21. In this 
chapter, the solution based sol-gel method is adapted to generate silica particles inside an 
uncrosslinked SSBR matrix. Efforts are given to understand the fundamentals about silica 
formation in the rubber, like, (i) the amount of silica formed inside the rubber, (ii) the time 
based conversion of TEOS into silica, (iii) the sol-gel silica reaction kinetics and finally (iv) 
the total amount of silica formed at the end of sol-gel reaction. Further studies are carried out 
with the unvulcanized and vulcanized in-situ sol-gel derived silica compounds and 
composites. The Mooney viscosity measurement is carried out to understand the 
processability of in-situ silica filled rubber compounds. The silica flocculation in 
unvulcanized rubber is studied in detail with respect to increase in silica volume fraction. 
Finally, mechanical, dynamic mechanical, resilience, heat build-up and abrasion properties of 
in-situ silica filled composites are investigated for the vulcanized rubber composites. 
Throughout the investigations, experimental studies are conducted with and without the 
presence of TESPT silane coupling agent to understand the filler-polymer interaction between 
in-situ sol-gel silica and rubber. The reinforcing effect of in-situ silica in rubber and the 
effective role of TESPT silane in in-situ silica composites are elaborately studied by different 
laboratory tests22. 
4.2 Results and discussion 
4.2.1 Time dependent silica conversion study  
The time dependent silica particle growth inside SSBR matrix (approximately 30 phr 
silica in rubber solution and the prepared composite is designated as i-30) investigated by 
thermogravimetric analysis is depicted in Fig. 4.1a. The final weight obtained above 700 °C is 
considered as the amount of silica presented in rubber7. Fig. 4.1a shows the increase in 
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amount of residue with time (every 30 min) indicating the conversion of TEOS into silica. 
Fig. 4.1b represents the amount of silica in the masterbatch with time calculated as per Eq. 3.1 
and the conversion of silica obtained from Eq. 3.2 (in chapter 3). The amount of residue 
obtained in the first 30 min is ~25 % and the conversion is ~60 %. An overall conversion rate 
of ~98 % is observed within 240 min. For the samples with the highest conversion, almost 2-4 
% weight loss is observed between 100 °C and 350 °C and this may be due to the evaporation 







Figure 4.1.(a) Time dependent silica conversion from TEOS inside the SSBR matrix 
analysed by thermogravimetric analysis (b) a percentage of silica conversion and residue 
with respect to reaction time 
Fig 4.2a depicts ATR-FTIR spectra of raw SSBR and TEOS used for the in-situ silica 
synthesis. For raw SSBR bands are observed at 909 cm-1 and 967 cm-1 due to wagging 
vibrations of cis 1,2 and trans 1,4 -CH butadiene groups23 respectively. In the case of TEOS, a 
strong band observed at 1070 cm-1 represents the stretching vibration of Si-O-C groups. At the 
same time, multiple bands are observed in the 3000-2800 cm-1 region for all pure substances, 
which pertains to the -CH2- and -CH3 stretching vibrations
24. The qualitative kinetics of silica 
particle growth inside the rubber matrix analysed by ATR-FTIR technique is depicted in Fig 
4.2b. The novel growing band at 1044 cm-1 as a function of reaction time can be clearly seen 
and represents the Si-O-Si stretching vibration of silica oxide that is converted from the 
TEOS25. The silica band at 1044 cm-1 is getting more intensive gradually what confirms the 
silica concentration increase in the SSBR26. The second broad band appears in the silica-
rubber system around 3310 cm-1, which is not observed for pure TEOS as well as for raw 
rubber. These broad band corresponds to the stretching vibrations of hydroxyl groups (-OH) 
from the silica surface or could also be due to the water adsorbed on the surface of the 
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generated silica particles27. Fig 4.2c demonstrates the comparison of ATR spectra of pure in-
situ silica powder and final reaction mixture (at 240 min) with ATR-FTIR spectrum of a 
commercial silica powder. The spectra’s coincidence of self-synthesized and commercial 













Figure 4.2a) ATR-FTIR spectra of pure chemical substances used for in-situ silica 
synthesis b) Normalized ATR spectra of the solidified reacting mixture as kinetic data of 
sol-gel reaction c) ATR spectra of pure in-situ silica, commercial silica powder and final 
reaction mixture at 240 min 
The quantitative determination of in-situ silica present in silica-rubber masterbatches 
estimated by thermogravimetric analysis is presented in Fig. 4.3. Higher amounts of silica 
could be produced with the use of higher amount of TEOS and water. As shown in Fig. 4.3, 
the amount of residue increases with the increase in amount of TEOS and water. The final 
weight loss obtained at 800°C is considered as the amount of silica present in the rubber 
masterbatch. Therefore, from the final weight the amount of in-situ silica present in the 
system is calculated by Eq. 3.1 (in chapter 3) and converted into phr14.  






















































































 in-situ silica powder
 commercial silica powder
1044 (c)










Figure 4.3 Thermogravimetric analyses of in-situ and commercial silica-rubber 
masterbatches 
To cross check the amount of in-situ silica in the masterbatches, commercial precipitated 
silica compounds are prepared with similar volume fraction and subjected to thermal analysis 
(samples designated as ’x’ in fig 4.3). The experimental result reveals a similar temperature 
loss profile for both the samples with approximately the same final weight loss. This further 
confirms the estimated amount of in-situ silica in the masterbatches to be around 10-50 phr. 
Fig 4.3 demonstrates no weight loss for commercial silica compounds at 100 oC - 350 °C 
affirming the presence of small amount of catalyst, solvent and TEOS in the in-situ silica 
compounds9. 
 
4.2.2 Characterization of the rubber compounds 
Fig. 4.4 compares the Mooney viscosities of commercial and in-situ silica compounds 
and extracted data are summarized in Table 4.1. Gum SSBR shows a lowest value of 59 MU 
and increases significantly with increase in silica content. In-situ silica based SSBR 
compounds exhibits lower Mooney viscosity compared to commercial silica compounds28. A 
lower Mooney viscosity is always preferred as the compounds display good rheological 
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Figure 4.4 Effect of Mooney viscosity with different silica fraction in SSBR at 100 °C 
The Mooney viscosity of a 50 phr commercial silica (without plasticizers or oil) compound is 
too high and could not be evaluated as it exceeds the measuring capability of the instrument. 
The commercial silica form a filler-filler network structure resulting in an increase in Mooney 
viscosity. In contrast, in-situ silica particles forms less networks or weak networks and are 
freely mobile when subjected to shear. Such characteristics could be the reason for the lower 
viscosity of the in-situ compounds. Interestingly, the gradient of viscosity drop under shear 
stress of in-situ and commercial silica compounds are almost similar for the same volume 
fraction29.  
Table 4.1 Mooney viscosity of varies silica filled SSBR compounds 
Samples 
Commercial silica In-situ silica 
*MU1 *MU4 *MU1-4 MU1 MU4 MU1-4 
Gum 80 59 21 80 59 21 
10 126 81 45 100 66 34 
20 147 103 44 123 82 41 
30 177 131 46 156 110 46 
40 229 183 46 177 131 46 
50 NA NA NA 224 147 77 
*MU1 and *MU4  are Mooney units (MU) at 1 and 4 min. *MU1-4  is difference in MU at 1 
and 4 min. 
The filler flocculation and filler-filler networks in silica-rubber masterbatches are investigated 
to understand the agglomeration and aggregation tendency of the in-situ silica particles during 
processing. Due to the difference in surface energies between rubber and silica, the silica 
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particles tend to aggregate and agglomerates. Such a tendency of fillers to form agglomerates 
in the rubber is technically called as filler flocculation30. This affects the processability and 
final properties of the compounds to a large extent. Formation of filler networks can 
substantially influence the elastic modulus of highly filled rubber compounds. To understand 
such effects, dynamic strain sweep measurements are conducted. The dynamic filler 
flocculation and strain dependent filler-filler network characteristics are depicted in Scheme 
4.1. 
 
Scheme 4.1 Schematic representation of filler flocculation and filler-filler network 









Figure 4.5 Dynamic filler flocculation and strain sweep measurements 
Fig. 4.5 shows the three different stages involved in the filler flocculation study. In a first 
stage, a constant 25 % dynamic strain is applied for 5 min assuming a complete destruction of 
the filler networks. The dynamic shear modulus is higher for higher volume fractions of silica 
due to hydrodynamic effect. The experiment is then continued to the second stage with low 
strain amplitude of 1.4% for 120 min to facilitate filler network reformation. With time, a 
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slow increase in the shear moduli (G’) of the filled compounds is observed and shown in Fig. 
4.5. The increase in G’ is dependent on the volume fraction of the filler and the filler-filler 
aggregation characteristics. Therefore, high silica content would result a higher aggregation 
tendency. Finally in the third stage, the compounds are subjected to strain sweep 
measurements (Payne effect up to 70% dynamic strain) and the experimental results show that 
highly filled silica rubber compounds exhibit faster reduction of the  G’ values. The rate of 
flocculation and the amplitude of Payne effect are calculated quantitatively as per Eq. 3.3 and 









Figure 4.6 Flocculation and dependent Payne effect of in-situ silica-SSBR compounds 
Vulcanization characteristics of in-situ silica SSBR composites are summarized in 
Table 4.2 and their respective cure curves are given in Fig. 4.7. The unfilled SSBR gum 
compound exhibits higher scorch time (t2) and optimum cure time (t90), compared to in-situ 
silica filled compounds. Interestingly, the scorch times and optimum cure times of the in-situ 
silica filled composites without silane coupling agent are almost similar for all filler content. 
The result clearly shows the vulcanization behaviour of SSBR not being affected by the 
increasing amounts of in-situ silica. Such results are unique as compared to commercial silica 
filled compounds which retard the vulcanization reaction at higher filler concentrations 
leading to higher scorch times and optimum cure times due to its acidic nature31. Since in-situ 
silica particles are generated through alkaline catalysis sol-gel reaction, it does not affect the 
vulcanization kinetics even at higher concentrations. Meanwhile, in presence of silane 
coupling agent the scorch times are similar, whereas the composites show higher optimum 
cure times with increasing silane concentration. 
 






















































Figure 4.7 Vulcanization curves of SSBR/in-situ silica composites (a) absence and (b) 
presence of silane coupling agent 












Gum 2.35 5.56 0.78 9.34 31.15 
i-10 2.05 4.11 1.06 10.95 48.54 
i-20 2.11 4.00 1.42 13.43 52.91 
i-30 1.59 4.19 1.96 17.7 38.46 
i-40 2.05 4.11 2.31 20.21 48.54 
i-50 1.59 4.10 3.11 25.58 39.84 
i-10_TESPT 1.56 5.33 0.99 11.6 26.52 
i-20_TESPT 2.23 9.23 1.32 15.38 14.28 
i-30_TESPT 2.01 11.12 1.58 20.03 10.76 
i-40_TESPT 2.17 12.10 2.01 24.69 10.07 
i-50_TESPT 1.59 13.45 2.89 30.98 8.43 
 
The cure rate index [CRI = 100 / (Optimum cure time (t90) – scorch time (ts2)] of the rubber 
compounds decrease with higher dosage of the silane coupling agent. It is evident that the rate 
of cure is affected by the incorporation of silane, as higher CRI values are observed in the 
absence of the silane coupling agent. Therefore, in-situ silica compounds show faster cure 
characteristics in the absence of silane32. The maximum torque (S’max) increases with the 
amount of in-situ silica in both pristine as well as silane assisted composites, nevertheless, a 
higher maximum torque is observed for silane assisted in-situ silica composites. Additionally, 
pristine in-situ silica compounds exhibit reversion signifying higher proportion of polysulfidic 
crosslink bridges33-34. The comparison of cure characteristics of in-situ silica filled system 
with precipitated silica system is explained in Chapter 5. The silanol density, specific surface 
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area, pH of silica particles are some of the important properties strictly influence on the 
vulcanization characteristics of rubber. The physical, chemical properties of synthesized in-
situ silica, precipitated silica powders, their rubber composites are discussed in detail at 
Chapter 6.  
4.2.3 Mechanical and dynamic mechanical properties 
The stress-strain characteristics of in-situ silica in presence and absence of silane 
coupling agent are analysed are tabulated in Table 4.3 and depicted in Fig. 4.8. The tensile 
strength and tensile modulus of SSBR composites are improved significantly by the in-situ 
silica. The stress-strain behaviour of the filled composites in absence of silane coupling agent 










Figure 4.8 Tensile properties of SSBR/in-situ silica composites in (a) absence and (b) 
presence of silane coupling agent 
Nevertheless, the composites with silane coupling agent offer better filler-polymer 
interactions, exhibiting a substantial improvements in moduli and tensile strength. 
Unfortunately, as a consequence of better filler-polymer interaction by silane, the stiffness of 
matrix increases compromising the elongation at break. Moreover, the stress-strain plots of in-
situ silica composites with silane display higher modulus in the low strain region. To quantify 
the amount of reinforcement enhanced by the silica particles, the reinforcing efficiency35 is 
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Gum 0.87 1.76 - 2.72 - 290 42 
i-10 1.27 2.69 4.42 4.65 4.59 310 48 
i-20 1.87 3.73 5.40 6.10 6.25 340 53 
i-30 2.10 3.59 4.73 5.88 5.53 390 56 
i-40 2.87 4.87 5.87 5.92 7.24 308 60 
i-50 2.93 6.98 - 7.53 6.38 449 63 
i-10_TESPT 1.08 2.13 3.72 5.58 2.43 390 48 
i-20_TESPT 1.56 3.62 6.45 6.53 4.38 305 54 
i-30_TESPT 2.95 6.95 - 9.72 9.57 280 59 
i-40_TESPT 4.25 - - 10.98 12.58 205 61 
i-50_TESPT 7.53 - - 12.5 21.31 180 68 
 
The dynamic mechanical properties of unfilled SSBR and its in-situ silica composites 
studied over a temperature range of -60 °C to 80 °C are depicted in Fig. 4.9 and various 
important parameters are summarized in Table 4.4. Fig. 4.9(a, c) illustrates the gradually 
increasing storage moduli of the in-situ silica composites according to the silica fraction. 
From Table 4.4, improvements in the dynamic mechanical properties of in-situ silica 
composites due to enhanced filler-polymer interaction by the silane coupling agent could be 
visualized. Fig. 4.9b and Fig. 4.9d shows the tan δ plot for the in-situ silica SSBR composites. 
It is well known that addition of silica in rubber reduces tan δ max values and further 
reduction would be observed upon incorporation of silanes36. In Fig. 4.9b the glass transition 
temperature (Tg) is slightly shifted to higher temperatures for all the composites. But in Fig. 
4.9d, i.e. with the presence of silane coupling agents, the Tg shifts are significant
35. This result 
indicates an effective silanization which might be associated with the formation of strong 
nano layer of immobilized rubber chains around the silica surface30. Thus restricted mobility 
of rubber chains by silane modified silica surface causes the shift in Tg
37. From the 
temperature sweep studies, in-situ silica reinforces the SSBR matrix very well and dynamic 
behaviour of the composites are further improved with the presence of coupling agents15. 
The dynamic mechanical strain sweep measurements are performed to understand the 
filler-filler interaction and strain induced softening of the composites. The obtained 
experimental results are fitted with Kraus equation (Eq. 3.6) by extrapolating to 1000 % 
strain; where only hydrodynamic reinforcement exists (see Eq. 3.5 in chapter 3). The results 
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are ploted in Fig. 4.10 and the quantitative information about the Payne efect is tabulated in 
Table 4.5. 
 
Figure 4.9 Dynamic mechanical temperature sweep analysis of in-situ silica-SSBR 
nanocomposites. (a) & (c) storage modulus and (b) & (d) tan delta graph for SSBR/in-
situ silica composites in absence and presence of coupling agent 
In Fig. 4.10, the solid lines represent samples without silane and doted lines represent the 
presence of silane coupling agents in the Kraus fiting function38. As the volume fraction of 
silica is increased in the rubber matrix, wel percolated filer-filer networks are formed. With 
the incorporation of silane coupling agent, the in-situ silica rubber compounds display an 
increase in the dynamic storage modulus. This effect is contrary to commercial precipitated 
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Table 4.4 Dynamic mechanical properties of SSBR/in-situ silica composites 
Samples 
E’ @ 0°C 
(MPa) 
E’ @ 25°C 
(MPa) 






Gum 2.85 2.44 2.14 1.78 -27.8 
i-10 3.29 2.90 2.59 1.74 -27.5 
i-20 4.88 4.13 3.79 1.65 -27.0 
i-30 6.58 5.58 5.05 1.56 -26.7 
i-40 9.05 7.41 6.48 1.51 -27.1 
i-50 12.78 9.81 7.97 1.49 -27.5 
i-10_TESPT 3.68 3.12 2.89 1.72 -27.0 
i-20_TESPT 6.06 5.33 5.06 1.61 -26.8 
i-30_TESPT 7.20 6.12 5.74 1.53 -26.5 
i-40_TESPT 10.2 8.32 7.26 1.51 -26.0 
i-50_TESPT 13.2 10.85 9.75 1.41 -25.2 
 
Similar effects (increase in dynamic modulus) are usually observed for carbon nanotubes 
filled system39-40. However, Payne effect is observed for the in-situ silica compounds both in 
the presence and absence of silane coupling agent.  At the same time, the critical strain value 
(ɣc) of the composites reduces with increase in silica fraction. Such behaviour indicates a 
higher dependency of the filler networks towards dynamic strain as the filler fraction 
increases. The silane incorporated composites show higher critical strain values, meaning the 
filler networks are less susceptible to the dynamic strain. Accordingly, silane incorporation 
significantly improves the dynamic performance of the composites by improving the filler-
polymer interaction. The amplitude constant (m) constantly decreases with increase in filler 
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Figure 4.10 Strain dependency of dynamic elastic modulus for the SSBR/in-situ silica 
composites (symbols represent experimental data and lines represent the fitted 
Kraus equation) 




















In-situ with  
silane 
Gum 0.22 - - - - - 
10 0.42 1.04 55.06 53.53 0.54 0.53 
20 1.70 2.12 53.24 53.38 0.50 0.48 
30 3.30 4.60 42.97 41.93 0.48 0.46 
40 4.98 5.99 39.48 40.85 0.49 0.45 
50 7.23 8.34 30.59 35.92 0.47 0.43 
*w/o defines with out  
4.2.4 Other rubber performance  
Some important rubber performance parameters like rebound resilience, heat build-up, 
abrasion, swelling in solvent was also evaluated and obtained results were depicted in Fig. 
4.11 and Fig. 4.12. At room temperature, the resilience values are found to be reducing with 
increase in the amount of fillers (Fig. 4.11a). At the same time, resilience properties are 
Chapter 4  Generation of in-situ silica in SSBR matrix 
72 
 
greatly improved with the addition of silane in the in-situ silica composites9; even the high 












Figure 4.11.a) Rebound resilience characteristics, b) Heat build-up properties, c) 
Relative volume loss, and d) Abrasion resistance index (ARI) % of in-situ silica filled 
SSBR composites 
The heat build-up properties of in-situ silica filled SSBR composites in presence and 
absence of silane coupling agent are investigated as per Eq. 3.7 (in chapter 3) and plotted in 
Fig. 4.11b. The unfilled gum vulcanizate shows the least heat build-up inside the core of the 
sample. At the same time, as the amount of silica fraction increases in the SSBR, the degree 
of heat generation and build-up inside the composites is increases significantly. Inclusion of 
rigid particles in a viscoelastic material would exhibit excessive heat generation by increasing 
the internal friction due to poor filler polymer interaction and a lower heat loss41. Eventually, 
incorporation of silane coupling agent in the silica filled system reduces heat generation and 
increases the heat loss of the material by improving the filler-polymer interaction due to 
silanization35. 
 The abrasion properties of in-situ silica filled SSBR compounds are plotted in Fig. 
4.11c and Fig. 4.11d. The abrasion resistance index (calculated by Eq. 3.8 in chapter 3) 










 in-situ silica without silane 













 in-situ silica without silane 
 in-situ silica with silane
(a)










 in-situ silica without silane







































 in-situ silica without silane
 in-situ silica with silane
(C)
















 in-situ silica without silane
 in-situ silica with silane
(d)
Chapter 4  Generation of in-situ silica in SSBR matrix 
73 
 
clearly depicts the improved resistance of the composites towards friction with the addition of 
in-situ silica. At the same time, addition of silane coupling agent results in beter resistance 
towards abrasion. The silane improves the abrasion characteristics through beter filer-
polymer interaction. The relative volume loss (calculated by Eq. 3.9 in chapter 3) is also 







Figure 4.12.a) Effect on crosslink density of SSBR with respect to silica fraction and 
silane b) the correlation between Tg and crosslink density 
 The crosslink densities of gum and in-situ silica filed SSBR composites are 
calculated by equilibrium sweling based Flory-Rehner equations Eq. 3.11 and Eq. 3.12 (in 
chapter 3). The estimated crosslink densities based on afine and phantom network model are 
depicted in Fig. 4.12a. The crosslink density of SSBR gradualy increases with the volume 
fraction of silica. Also, the silane coupled in-situ silica composites exhibit higher crosslink 
densities, compared to the unsilanized composites35. The enhanced crosslink density of silane 
incorporated SSBR composites is due to the chemicaly bonded silane coupling agent on the 
surface of the filer and improved filer-rubber interaction42. Fig.4.12b shows the plot of 
crosslink density obtained from phantom network model against the glass transition 
temperature (Tg) measured by the dynamic mechanical analyzer (DMA). Linearity is observed 
between crosslink density and Tg with increasing volume fraction of filer. In the absence of 
silane the obtained slope is 2.0, however with the incorporation of silane a higher slope of 3.5 
is observed. This confirms that crosslink density and Tg of composites are majorly dependent 
on the silanization reaction as wel as filer volume fraction. This corelation further evidences 
the enhanced silica-rubber interaction by the silane.  
 








 in-situ composite without silane
 in-situ composite with silane
 Gum 
 in-situ composite without silane










In-situ silica volume fraction (φ)
(a)









 in-situ composite without silane




























 To understand the in-situ silica-rubber interaction and interfacial adhesion in 
presence and absence of silane coupling agent, fracture surface of the composites are analyzed 
by SEM. In Fig. 4.13a, the 30 phr in-situ silica composite without silane shows aggregated 
particles with average particle size of around 200-300 nm. The fracture surface shows some 
kind of holes, which represent the poorly adhered particles being pulled out from the matrix 
during cryo-fracture. In Fig. 4.13b, by presence of coupling agent, the in-situ silica particles 
are fully covered by rubber layers. The micrograph signifies the superior adhesion of the in-
situ silica fillers with the rubber matrix as a benefit of the silane coupling agent. 
 
Figure 4.13 SEM micrographs of cryo-fracture failure surface investigation of in-situ 
silica composites (a) absence and (b) presence of TESPT silane coupling agent at low and 
high magnifications 
The particle size and dispersion of silica nanoparticles in rubber matrix is one of the most 
critical parameters, which determine the overall performance of the nanocomposite. 
Aggregates and agglomerates of filler particles in a rubber matrix act as stress concentration 
points resulting in early failure. Fig. 4.14 displays the TEM images of silane coupled 
SSBR/in-situ silica composites. The silica particles are moreover individual and bigger in size 
with average particle size of around 200 to 300 nm. Silane coupling agents improve the 
dispersion of silica particles and some particles that exist interconnected during synthesis. 









Figure 4.14 TEM images of silane modified SSBR/in-situ silica composites 
4.3 Conclusions 
The amount of in-situ silica formation in rubber was controlled by the exact addition 
of silica precursor and water and by increasing the TEOS:Water ratio in the rubber solution. 
The total amount of silica converted from TEOS was around 98% with an overall reaction 
time of 240 min and of which 50% of silica was converted within the first 30min. From the 
ATR-FTIR investigations, the intensity of Si-O-Si stretching vibration of silica oxide at 1044 
cm-1 increased as a function of reaction time, representing successful conversion of silica from 
TEOS. The flocculation and Payne effect measurements of in-situ silica filled rubber 
compounds showed increased flocculation and filler-filler interaction with respect to the 
amount of silica in rubber. The silica formed inside the rubber improved the mechanical and 
dynamic mechanical properties significantly compared to gum vulcanizates. From Payne 
effect measurements, the critical strain was estimated by Kraus model and was found to 
gradually reduce with increasing amount of silica in rubber. This study evidenced the silica-
silica network in rubber to be mainly dependent on the volume fraction of filler, which 
reduces further with the addition of TESPT coupling agent. The rebound resilience is 
significantly reduced with the increase in volume fraction of silica. The heat build-up and 
abrasion properties of the filled rubber were significantly improved by the in-situ silica. 
Addition of TESPT silane in the in-situ silica composites further improved the mechanical 
reinforcement and few other performances as well. The SEM and TEM investigations stated 
that the in-situ derived silica particles were mostly individual and bigger in size, with average 
particle size of around 200 to 500 nm. The detailed study on in-situ silica powder separated 
from the rubber matrix is described in chapter 6. In briefly the primary particle size of 
synthesised in-situ silica is around 10 nm and a group of primary particles are fused together 
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to form a 200 to 500 nm of spherical aggregates or spherical clusters. The spherical 
aggregates are sometime exhibited as individual aggregates as well as agglomerates, which 
can be clearly identified by TEM analysis.    
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5. 1 Introduction 
The rubber industries are constantly looking for a better material to solve current 
environmental issues like lower CO2 emission, lower fuel consumption and safety. Silica 
reinforced rubbers are one of the important materials playing a major role in the automotive 
industry due to its versatile functions, in the aspect of lower rolling resistance and wet skid 
resistance1-2. Major issues while using silica as high performance fillers for tyres are poor 
nanoscale dispersion, higher Payne effect, interrupting vulcanization kinetics and handling 
issues during compounding. Some of the critical issues have been rectified by using silane 
coupling agent, improved mixing time and cycles2. Anyhow, requirements for silica based 
rubber products have been not yet been fulfilled and lots of research is going to improve the 
performance of silica based rubber products. Considering above mentioned issues, we have 
prepared silica based rubber composites adapting in-situ sol-gel method3. In this chapter the 
properties of developed in-situ silica composites are compared with commercial precipitated 
silica composites in presence and absence of silane coupling agent. 30 phr of silica filled 
composites and their silane modified composites are taken into study. The fundamental rubber 
performance analysing instruments along with some new instrumental techniques like tear 
fatigue analyser and linear friction tester are used to explore the reinforcing nature of silica in 
rubber. 
5. 2 Results and discussion 







Figure 5.1 Estimation of amount of silica presented in silica-rubber masterbatches by 
thermogravimetric analysis 
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The quantitative determination of in-situ silica present in silica-rubber masterbatches is 
estimated by thermogravimetric graphs as depicted in Fig. 5.1 and Eq. 3.1 (in chapter 3). The 
precipitated silica filled rubber compound does not show any characteristic weight loss in 100 
°C to 350 °C regime, whereas, a 5 % weight loss is noticed in the in-situ silica compounds. 
The in-situ silica compound might contain traces of volatile substance like catalyst, solvent 
and unreacted TEOS which evaporates at elevated temperatures4. However, the final weight 
loss obtained at 600 oC to 800 oC is almost equal for both the silica filled compounds. This 
affirms that the amount of silica presented in rubber is around 30 phr as estimated by 
thermogravimetric method. 
5. 2. 2 Investigation of silica flocculation and network analysis 
The flocculation tendency5 leading to formation of silica-silica network in the 
unvulcanized rubber compound is investigated by moving die rheometer.  The experimental 
results from dynamic filler flocculation and strain dependency of silica filled rubber are 
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Figure 5.2 Aggregation and reformation of silica network in rubber compound 
The raw rubber does not show any increment of the modulus due to the absence of silica. As 
expected, all silica filled rubber compounds exhibited a time dependent increase in the shear 
modulus during flocculation experiment at elevated at temperature (120 °C). As in this 
process the filler-filler network is developed, in the strain sweep experiment a steep decrease 
of the modulus values can be observed from the last step of this experiment. The precipitated 
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silica filled compound containing 30 phr silica shows maximum modulus values after 120 min 
flocculation experiment with respect to other composites. A 20 phr precipitated silica filled 
compound is also analysed and interestingly, the degree of flocculation is found to be higher 
than 30 phr in-situ silica. Therefore, the extent of flocculation for a 30 phr in-situ silica filled 
compound is even lower than 20 phr of precipitated silica. The time taken to achieve 60% 
filler-filler networks (60% of the developed ultimate torque or maximum modulus) for 30 phr 
precipitated silica compounds is calculated to be 5.5 min whereas, the 30 phr in-situ silica 
compound took 23 min to achieve the 60% of filler flocculation. These findings point out that 
in-situ silica has relatively less tendency to develop filler-filler agglomerated when compare 
to precipitated silica.  Similarly, the experimental findings with the dynamic strain sweep 
measurement describe that commercial precipitated silica has a higher tendency to form filler-
filler network as it is reflected by showing  higher Payne effect6. The in current scenario of 
the SEM images shows that the in-situ silica particles are bigger than precipitated silica 
particles, thus may be a reason that in-situ silica compounds exhibit a lower flocculation 
tendency. Nevertheless, the filler flocculation behaviour in rubber is predominantly depend on 
the specific surface area, surface functionality and structure of filler particles. 

























Gum 125 132 0 0 138 108 0 
x-20 335 394 17.5 5 401 190 212 
x-30 526 694 31.9 5.5 711 232 479 
i-30 308 363 17.9 23 372 171 103 
 
5. 2. 3 Rheometric analysis 
 The vulcanization characteristics of SSBR gum, 30 phr of in-situ and 30 phr 
precipitated silica filled compounds are plotted in Fig. 5.3. From this plot different curing 
characteristics like minimum toque (S’min), maximum torque (S’max), scorch time (TS2) and 
optimum cure time (TC90) are calculated and furnished in Table 5.2. As expected the unfilled 
gum compound shows lower development of torque values as compared with filled system. 
Precipitated silica (without silane) filled compound exhibits lower S’min and lower S’max 
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when compared to in-situ silica (without silane) compounds. The curing time (TC90) of 
precipitated silica is longer than gum compound, while in-situ silica compound displays even 
faster cure than the gum compound. This speculates that the cure property of SSBR is 
adversely affected by the incorporation of precipitated silica but not in the case for in-situ 
silica. The reasons for such an effect are the acidic nature of precipitated silica and adsorption 
of the curatives on the silica surface which retard vulcanization reaction7. In contrast, in-situ 
silica particles are synthesized in the presence of a base catalyst (n-butylamine) and some 
base molecules can be adsorbed by the surface of the in-situ silica that can promote the 









Figure 5.3 Vulcanization characteristics of in-situ and precipitated silica filled SSBR 
compounds 




TS2 (min) TC90 (min) CRI (min-1) 
Gum 6.14 1.36 4.26 34.48 
x-30 11.34 2.26 18.29 6.58 
x-30_TESPT 14.73 1.5 6.35 20.62 
i-30 15.18 1.59 4.19 38.46 
i-30_TESPT 18.67 2.01 11.12 10.97 
 
Incorporation of silane coupling agent in precipitated silica compound offers faster cure rate; 
surprisingly, a long cure time is noticed after addition of silane with in-situ silica. It can also 
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be noticed that addition of silane decreased the cure rate index very rapidly with in-situ 
silica8. Further chemical studies are required to understand the effect of silane on the curing 
behaviour of sol-gel silica filled SSBR compound. It is interesting to note that the maximum 
rheometric torque is found to be highest with silane treated 30 phr of in-situ silica indicating a 
strong reinforcement effect by the fillers. In both silica filled rubber systems, the cure rate 
index (CRI) is significantly affected by the incorporation of silane coupling agent8.  





Figure 5.4 (a) Stress-strain properties of 30 phr filled in-situ and precipitated silica-
SSBR composites (b) reinforcement factor for the silica filled composites calculated from 
stress-strain plot 
The stress-strain properties of SSBR gum and 30 phr silica filled composites are 
shown in Fig. 5.4a and the reinforcement factors (RF = Mechanical properties of the 
composites / mechanical properties of the gum vulcanizate) shown in Fig. 5.4b. Incorporation 
of silica into the SSBR matrix improves the modulus at different elongations and tensile 
strength of the composites considerably. In-situ silica based composites display higher 100 % 
and 200 % moduli with a slight compromise on the elongation at break and tensile strength 
when compared to precipitated silica composites. However, silane modified in-situ silica 
composites exhibit even higher modulus for example, at 100% and 200% elongation, than in-
situ silica as well as precipitated silica and its silane modified composites. The reinforcement 
factor9  calculated in an effort to understand the silica reinforcement effect on the SSBR 
rubber is plotted in Fig. 5.4b. The improvement of the modulus values at 100 % and 200 % 
elongation by in-situ silica is much higher than precipitated silica systems, particularly; when 
silane treated composites are concerned. The observed tensile properties in the presence and 
absence of silane coupling agent for the in-situ silica system describes that the surface 
chemistry and the nature of filler-polymer interaction of the in-situ silica vastly differs from 
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precipitated silica fillers. Most probably, the in-situ silica particles generated in presence of 
polymer may have trapped some of polymer chains or may be a strong mechanical tethering 
of rubber chains on the surface of silica particles. By this way, the silica particles are acting as 
additional crosslinking points and contribute to the final mechanical properties.  
5. 2. 5 Dynamic mechanical properties 
The dynamic mechanical properties for the gum and 30 phr silica composites are 
studied over temperatures from -60 °C to 80 °C. The obtained plots are depicted in Fig. 5.5 
along with various temperature dependent properties and are furnished in Table 5.3. Fig. 5.5a 
shows the temperature dependent changes in storage modulus for different silica composites. 
A higher storage modulus can be observed for the silane modified in-situ silica system. A 
more interesting fact can be observed from the tan δ - temperature dependence plot (Fig. 
5.5b). Incorporation of silica significantly reduces tan δ peak heights (tan δmax). Precipitated 
silica composites display a lower tan δmax than in-situ silica. Additionally, incorporation of 
silane in both systems, further reduces the tan δmax values
10. Compared to precipitated silica 
composites, in-situ silica systems show a bit higher tan δmax. The glass transition temperature 
(Tg) for the composite with in-situ silica and silane shifted to higher temperature by ~2˚C. The 
Tg shift could be explained by stronger rubber filler interaction
9. The tan δ values at -10˚C, 
0˚C and 60˚C are usually considered to predict the performance of a tyre material in terms of 
ice grip, wet-skid resistance and rolling resistance11 and the values are given in Table 5.3. The 
in-situ derived silica composite shows improved performance in terms of ice grip, wet-skid 
resistance and rolling resistance compared to precipitated silica filled composites.  The 
incorporation of silane coupling agent in both silica further improves the ice grip, wet-skid 
resistance and rolling resistance properties. Fig. 5.5c depicts the frequency dependent tan δ 
values obtained from mastering followed by time temperature superposition principle (WLF 
principle) of gum and different silica filled composites.  
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Figure 5.5 Dynamic mechanical performances of in-situ and commercial precipitated 
silica filed SSBR composites (a) dependence of storage modulus (E’) on temperature, (b) 
dependence of loss factor (tan δ) on temperature, (c) dependence of loss factor (tan δ) on 
frequency and (d) dependence of storage modulus (E’) on strain (Payne effect 
measurements) 






















Gum 2.85 2.44 2.14 0.200 0.461 0.0808 1.788 -27.8 - - 
x-30 7.17 6.00 5.22 0.199 0.423 0.0971 1.370 -28.2 28 0.56 
X-
30_TESPT 
7.04 5.93 5.38 0.209 0.442 0.0761 1.341 -26.8 26 0.54 
i-30 6.58 5.58 5.05 0.209 0.467 0.0634 1.575 -27.8 42 0.45 
i-30_TESPT 7.20 6.20 5.74 0.229 0.500 0.0573 1.514 -26.0 41 0.44 
It is generaly accepted that the wet skid resistance of elastomers is a higher frequency 
phenomenon. A tyre roling on a road surface comprises of many asperities and iregularities. 
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When a breaking force is applied, the tyre is pressed against the road and comes in contact 
with most of the asperities. Considering in numerous of such asperities together, the 
experienced frequency by a tyre is very high. Usually, properties in the frequency range of 1 
kHz to 1MHz obtained from the dynamic mechanical frequency sweep measurement is 
considered as wet skid properties of tyre12-13. A higher loss modulus in the frequencies range 
of 104 to 106 Hz denote better wet traction properties14. The experimental frequency sweep 
measurements confirm that in-situ silica compounds exhibit higher wet grip properties 
compared to commercial silica system. The strain dependencies of the dynamic mechanical 
properties are conducted to investigate the filler-filler interaction and dispersion of silica in 
the composites. The experimental strain sweep data and the fitted Kraus model is shown in 
Fig. 5.5d and the obtained important parameters are given in Table 5.3. Experimental results 
show that incorporation of silane coupling agent in commercial silica system decreases the 
storage modulus at lower strain region15. Usually, silane coupling agents assist in silica 
dispersion, causing a reduction in the overall dynamic modulus16. The contrary is observed for 
in-situ silica systems, where silane incorporation increases the storage modulus. Similar effect 
is reported for CNT based rubber composites, improving the state of dispersion leads to 
increase in the storage modulus of the composites17,18. The estimated critical strain	() 
(maximum modulus dropping point) is ~27% for silane modified commercial silica, whereas, 
in-situ silica-silane system displays critical strain values ~41%. This quantitative prediction 
by model may indicate that commercial silica composites have more filler-filler networks and 
these networks are more sensitive to dynamic strain amplitude. In-situ silica developed 
composites possess lower filler-filler network which indicates good filler dispersion. The 
strain amplitude constant (m) lies in between 0.44 to 0.56 and it is common for all the filled 
rubber systems19.  
 
5. 2. 6 Other rubber performance properties 
 The rebound resilience, abrasion and heat build-up properties of SSBR gum, in-situ 
and commercial silica filled composites are summarized in Fig. 5.6. Fig. 5.6a&b shows the 
resilience of composites are gradually found to reduce with increase in filler content20. At the 
same time, the resilience characteristics are improved with the addition of silane coupling 
agent in both silica systems. However, in-situ silica based rubber composites shows the better 
resilience characteristics compared to commercial silica systems21.  
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Figure 5.6 Various properties of in-situ and commercial silica filled composites (a) 
rebound resilience at 20 °C, (b) rebound resilience at 60 °C, (c) relative volume loss 
against abrasion (d) abrasion resistance index (e) amount of heat build-up for different 
silica concentrations and (f) heat build-up and compression set values for 30 phr of silica 
 
At 60 °C the resilience properties are found to be around 5-10% higher than room 
temperature experiments. From the results it could be said that in-situ silica based composites 
exhibit better rebound resilience and possess higher elasticity. Fig. 5.6c and Fig. 5.6d depicts 
the relative volume loss (RV Loss) and abrasion resistance index (ARI) of the composites. 
The silica filled systems display better RV loss and ARI than gum vulcanizates. Increasing the 
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amount of silica in rubber gradually reduces the RV loss and improves the ARI values. 
Eventually, silane addition in silica-rubber system further enhances the abrasion properties.22 
The experimental results suggest better abrasion properties for the commercial silica system 
exhibits than in-situ composites.  
 The heat build-up is one of the important properties for highly filled rubber objects. 
The amount of heat generated and accumulated inside the composites while dynamic loading 
is measured and plotted in Fig. 5.6e. Due to the absence of any filler, gum vulcanizates show 
lower heat build-up and with increase in filler fraction the amount of heat build-up increases. 
Incorporation of silane coupling agent in in-situ and commercial silica systems significantly 
reduces the amount heat generation. The commercial silica and silane modified composites 
exhibits higher degree of heat generation when compared to in-situ silica composites. Fig. 
5.6f summarizes the heat build-up and the corresponding compression set values (calculated 
after the experiment) for 30 phr silica filled system and gum vulcanizates. 30 phr of 
commercial silica filled composite exhibits the highest degree of heat build-up of around 103 
°C. Interestingly, silane modification on the same system significantly reduces the heat 
generation from 103 °C to 57 °C. The results clearly indicate that inclusion of commercial 
silica in rubber increases the internal friction between the silica and rubber, leading to massive 
heat generation.23 Eventually the addition of silane coupling agent into silica filled rubber 
vastly reduces heat generation and improve the heat loss by effective silanization. On the 
other hand, in-situ silica composites without silane coupling agent exhibit even lower heat 
build-up than commercial silica/silane composites. The addition of silane coupling agents in 
in-situ silica further contributes to the reduction of heat build-up on rubber.  
 The commercial silica filled composite displays the highest compression set of 11.9 
% and is significantly reduced to 1.7 % by silane modification. Meanwhile, in-situ silica 
composite shows a permanent set of around 1.9 % for silica and 0.7 % for silane modified 
system, which is very low in comparison to commercial silica systems. The results points out 
that in-situ silica composite can offer excellent reinforcement with minimal heat generation 
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5. 2. 7 Hysteresis properties 
Fig. 5.7a, b represents the hysteresis plot of in-situ and commercial silica filled 
composites in presence and absence of silane coupling agent. The figures show that hysteresis 
loss (area inside the hysteresis loop) gradually reduces with increase in number of strain 













Figure 5.7 Hysteresis plots of (a) in-situ and (b) commercial silica filled SSBR composites 
in presence and absence of silane coupling agent with respect to gum compounds. Plots 
of hysteresis loss against input energy in (c) 1st cycle and (d) 3rd cycle. 
At the same time, area of hysteresis loop increases gradually with respect to applied strain, 
implying that amount of energy dissipation increases significantly with respect to applied 
deformation. Addition of silane coupling agent increases the area of hysteresis loop, 
representing high energy dissipation.  The overall results suggest that in-situ silica based 
composites exhibit higher energy loss compared to commercial silica (after the first cycle)4. 
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Fig. 5.7c, d shows hysteresis loss against input energy for different silica filled composites. 
The 1st and 3rd hysteresis cycles are specifically chosen for the investigation, to understand the 
stress induced softening effect. Fig. 5.7c indicates the hysteresis loss and input energy for the 
1st cyclic of loading for different silica filled SSBR composites. The unfilled gum compound 
yields a slope of 0.563 and displays least hysteresis loss. Meanwhile, commercial silica filled 
composite has a slope of 0.783, which is improved to 0.982 with the addition of silane 
coupling agent. In-situ silica filled composites display slopes of 1.021 and 1.237 before and 
after silanization. A higher hysteresis loss is realized for the in-situ silica/silane systems, 
which is even higher than gum and commercial silica composites. A similar behaviour is also 
observed in the 3rd loading cycle as plotted in Fig. 5.7d, but the slopes are relatively lower 
than the 1st cycle, confirming the reduction in loss of energy with multiple cycles. High 
hysteresis loss is a vital property for a viscoelastic rubber material meant for prolonged 
dynamic applications. The obtained results from hysteresis loss for different silica filled 









Figure 5.8 Average permanent set of various silica filled composites with respect to given 
tensile strain 
  The permanent tensile set of composites are also investigated during each cycle and 
the average permanent set values at 50 %, 100 % and 150 % strain are calculated and plotted 
in Fig. 5.8. A lower permanent tensile set is observed for gum vulcanizates and is increasing 
with respect to the applied strain. Commercial silica filled systems exhibit higher orders of 
permanent set for a given strain and silane modification helps in achieving lower permanent 
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values than commercial silane modified silica composites. The experimental results confirm 
that in-situ silica based composites possess good dynamic stress-strain properties, better 
hysteresis loss and low hysteresis25. Incorporation of silane in both silica systems, contribute 
towards the low hysteresis properties via improved silica-rubber interaction. 
5. 2. 8 Scanning electron microscopy 
 
Figure 5.9 SEM images of fracture surface of (a) commercial silica without silane 
coupling agent (b) commercial silica with silane coupling agent (c) in-situ silica without 
silane coupling agent (b) in-situ silica with silane coupling agent 
 To understand the silica - rubber interaction and interfacial adhesion in the presence 
and absence of silane coupling agent, the brittle fractured composite surface is analysed by 
SEM. The SEM micrographs in Fig. 5.9 shows 30 phr of commercial and in-situ silica filled 
rubber composites. Commercial silica composites display some agglomerated particles and 
after silane treatment the aggregated morphology is reduced significantly. The in-situ silica 
composites without silane coupling agent have very few agglomerates with bigger particles 
morphology. This agglomerate seems to be comprised of a large number of individual small 
spherical particles. The average size of the small spheres was found to be in the range of 150-
200 nm. Most probably, some of the polymer chains are trapped by the grown silica particles 
Chapter 5  Properties of in-situ versus precipitated silica – SSBR composites
   
93 
 
(see chapter 8 for schematic representation).  These free particles, being loosely bound, are 
also pulled out from the matrix. Therefore, micro size holes are observed on the fracture 
surface. In case of silane modification, the in-situ silica particles are completely covered by a 
thin rubber layer, affirming significant improvements in interfacial bonding between silica 
and rubber.  









Figure 5.10. Friction master curves for gum, in-situ silica and commercial silica in 
presence and absence of silane coupling agent. The dotted line represents the friction co-
efficient value measured by experimentally remaining data points are predicted by using 
WLF equation  
Fig. 5.10 shows the experimental friction results measured at the velocity of 10 
mm/sec at 15 oC and obtained experimental result is extrapolated using by WLF equation. The 
experimental result shows that the unfilled rubber vulcanizates exhibits higher coefficient of 
friction. The incorporation silica in SSBR slightly reduces the friction co-efficient. The 
commercial silica without silane exhibits lower co-efficient of friction compare to silane 
modified commercial system. However the addition of silane coupling agent in commercial 
silica system significantly improved the friction properties at higher friction velocity. On the 
other hand the in-situ generated silica in SSBR showed that least friction coefficient when 
compared to commercial silica systems. An interesting remark is the incorporation of silane 
coupling agent in in-situ silica system do not change the friction behaviour of the material. 
This result is further evidence that in-situ silica can be reinforcing the matrix without any 
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silane and it is reported in chapter 4. Apart from good traction properties a lower friction 
coefficient is also an interesting property.  From this perspective to achieve better rolling 
resistance rubber compounds the rubber compound needed lower hysteresis, lower tan δ at 
high temperature as well as with lower rolling friction. For this purpose in-situ silica system is 
fulfilling the requirement, which is reported previously26. According to the estimated friction 
co-efficient, the friction rating for different silica filled SSBR rubber is given below.   
x-30_TESPT <  x-30  <  i-30_TESPT and i-30 
5. 2. 10 Tear fatigue analyzer (TFA)-Crack propagation measurements 
TFA tests are carried out to understand the crack propagation behaviour of silica filled 
SSBR composites and the effect of silane coupling agent in silica-rubber composites.  The 
logarithmic plot of crack growth rate (da/dn) against tearing energy (T), which is usually 
known as ‘Paris-Erdogan plot’ is given in Fig. 5.11. The rate of crack propagation is directly 
proportional to the tearing energy of the material at a certain tear energy regime.  As 
expected, a gum vulcanizate exhibits lower tearing energy and faster crack formation 
compared to a filled system.  The incorporation of both, in-situ silica and commercial silica, 
significantly improves the crack propagation behaviour of vulcanized rubber. The main 
mechanism proposed for the addition of filler particles in rubber prevent the crack 
propagation by resisting the crack tip growing27. Nevertheless, the crack propagation rate is 
greatly changed with similar amount of silica loading in both cases. Also the silane 
modification of silica in both cases increased the crack propagation behaviour. However, in-
situ silica filled system exhibits faster crack propagation behaviour than commercial silica 
system. These results are states that the state of silica dispersion is not only a critical 
parameter deciding the crack propagation behaviour of filled rubber system.  Equally particle 
size, particle morphology, crosslink density and filler polymer interfaces are playing major 
part on the crack. The SEM analysis states that the particle size and morphology of 
commercial and in-situ silica is entirely different. Also the amount of estimated crosslink 
density is nearly higher for in-situ silica composites, when compared with commercial silica 
filled composites. 
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Figure 5.11.a) Crack growth rate as a function of tearing energy for in-situ silica and 
commercial silica filled composites b) crack behaviour of equally adjusted crosslink 
density of in-situ silica and commercial silica composites 
Table 5.4. The crack propagation behaviour of silica filled SSBR composites with 
respect to crosslink density. 
Sample Crosslink density (×10-4  g/cc) Slope 
SSBR-Gum 1.463 2.9 
x-30 1.571 3.2 
x-30s 2.202 4.6 
i-30 2.128 2.4 
i-30s 2.718 1.9 
i-30-TC50 1.677 2.2 
i-30s-TC50 2.232 5.4 
 
To ensure the effect of crosslink density on the crack propagation behaviour of silica filled 
SSBR composites, the crosslink density of in-situ samples are reduced and matched with 
commercial silica composites by modifying the rate of cure from TC90 to TC50. The amount of 
crosslinks density estimated by swelling experiments with modified Flory-Rhener equation28 
is given in Table 5.4. After changing the crosslink density of in-situ silica composites, it is 
found that crack propagation behaviour is completely different than previous experimental 
results. The new experimental results are plotted in Fig. 5.11b and it clearly stated that the 
crack propagation behaviour of in-situ silica is significantly improved. And the rate of crack 
growth is lower or better than commercial silica filled composites without any silane 
modification. However the addition silane coupling agent in both silica systems slightly 
reduces the crack propagation properties. 
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5.3 Conclusions  
The performance of silica synthesized via in-situ sol-gel route was compared with 
commercial precipitated silica composites in presence and absence of TESPT silane coupling 
agent. The superior mechanical performance of the in-situ silica rubber composites were 
supported by various mechanical and dynamic mechanical characterizations. From the 
dynamic mechanical temperature sweep measurement, higher tan δ at 0 °C and -10 °C and 
lower tan δ at 60 °C were observed for in-situ silane modified composites, which is related to 
a higher wet skid resistance and lower resistance properties. The strain sweep measurements 
fitted with Kraus model show in-situ silica composites exhibiting higher critical strain values.  
This represents that in-situ silica compounds were less sensitive to dynamic strain and possess 
less filler-filer networks. Higher rebound resilience, lower heat build-up, lower hysteresis and 
lower friction co-efficient were observed for in-situ silica composites, which are very 
essential to achieve high performance in rubber products during service, especially for tyres. 
With further addition of TESPT silane in in-situ silica composites, even better performance 
was observed. Commercial precipitated silica composites exhibited better abrasion properties 
because of their small particle morphology. Nevertheless, it generally implied that to achieve 
(low) better rolling resistance, it is necessary to compromise on the abrasion properties29. 
Generation of silica particles in the rubber by sol-gel route could be a better way to develop 
high performance tyre compounds. 
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Understanding the concept of rubber reinforcement by fillers is one of the major 
challenges in the field of rubber science and technology. Several rubber fillers like carbon 
black, precipitated silica, fumed silica, clay and talc have taken over the rubber industry from 
the very beginning. Carbon black is one of the vastly used and well known rubber reinforcing 
agents for all general and special purpose rubber products. The rubber reinforcement by 
carbon black is mainly determined by the surface area, structure, particle size and surface 
activity1-2. On the same context, for the past two decades, silica based reinforcement of tyres 
are gaining more importance due to its versatile functional properties on lower rolling 
resistance, wet skid resistance and abrasion resistance3. Some of the major issues encountered 
while using silica as reinforcing filler are poor nano scale dispersion, higher Payne effect, 
interrupting on vulcanization kinetics4 and processing5. Some of these issues have been 
addressed by the addition of different silane coupling agent and optimized the mixing cycles. 
In case of silica filled rubber systems, major part of reinforcement and the improvement in 
dynamic mechanical properties depend on the type of silica-rubber coupling used and the state 
of silica dispersion. Anyhow, the need for improving silica dispersion and properties are 
increasing day-by-day, due to the environmental issues like lower CO2 emission, lower fuel 
consumption and safety aspects. Therefore, in-situ silica prepared from sol-gel process gained 
much attention in rubber reinforcement6. The in-situ derived silica particles in rubber offers 
excellent reinforcement, good dispersion and also solved the environmental issues to an 
extent. However, understanding the characteristics of in-situ silica is more important to ensure 
better performance in rubber composites. There have been several investigations and models 
developed to understand the interaction of silica-rubber and the enhanced reinforcement by 
silane incorporation. Many articles have been published till now on in-situ silica generation in 
rubber7-21, but detailed investigations of rubber reinforcement by in-situ generated silica are 
scarce.  
In this chapter, efforts have been placed to investigate the mechanism of in-situ silica 
and their reinforcement on solution styrene butadiene rubber. For a better understanding of 
reinforcement effect by in-situ silica, a commercial precipitated silica system is mutually 
considered and compared. The study has been elaborated to effect of silica loading, influence 
of silica-silane interaction and influence of different silane coupling agents. This allows a 
more systematic investigation of the filler system and their chemical properties in rubber, role 
Chapter 6 Investigation of silica - silane interaction and interface
   
101 
 
of silane coupling agent in silica filed system influences on the microscopic properties of the 
vulcanized rubber network. 
6. 2 Results and discussions 
6. 2. 1 Silica particle investigation 
Fig 6.1 shows the x-ray difraction (XRD) analysis of in-situ and commercial silica 
powder samples. The broad XRD band is observed on the 2 theta region of 15 to 40. Thus 









Figure 6.1 The X-ray difraction paterns of in-situ silica and commercial silica powder 
particles 
  The dynamic light scatering measurement (DLS) is performed to understand the 
diameter (hydrodynamic diameter) silica particle size and structure. The commercial 
precipitated ULTRASIL VN3 silica particles in Fig. 6.2a show a bimodal distribution with 
broad range of particle sizes. The commercial silica particles are aggregated and the aggregate 
diameter sizes range from 150 to 1500 nm. The DLS results from Fig. 6.2b state an average 
diameter of around 200-500 nm for the in-situ derived silica particles. The in-situ silica 
particles are more over monodisperse or unimodal narow particle distribution, which is 
further confirmed by transmission electron microscopy (TEM) images in Fig. 6.2d. Fig. 6.3 
shows the typical morphology of pristine powders and composites of in-situ and commercial 
silica system. 
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Figure 6.2 Particle size and distributions of (a) commercial ULTRASIL VN3 precipitated 
silica and (b) in-situ derived silica measured by DLS method. Morphology of (c) 
commercial ULTRASIL VN3 precipitated silica and (d) in-situ silica particles analyzed 
by TEM 
 
Figure 6.3 SEM fracture images of (a) 30 phr of in-situ silica composite (b) in-situ silica 
powder removed from the un-crosslinked rubber after sol-gel synthesis (c) 30 phr of 
commercial ULTRASIL VN3 silica composite (30 phr) (d) pristine commercial 
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6. 2. 2 Estimation of crosslink density and rubber-silica interaction by Multiple 
Quantum NMR experiments 
6. 2. 2. 1 Unfilled SSBR vulcanizates 
 The correlation between crosslink density of unfilled SSBR with different amounts 
of sulphur, measured by DQ-NMR experiments, equilibrium swelling method and the actual 
Double Quantum build-up curves are given in Fig 6.4a&b. Fig. 6.4a shows the linear 
relationships between the NMR observances and equilibrium swelling results while increasing 
the amount of sulphur content in SSBR rubber. The correlation between NMR and swelling 
results demonstrates that Dres (residual dipolar coupling constant) is directly proportional to 
the molecular weight between successive crosslinks (1/Mc). Nevertheless, equilibrium 
swelling is a quantitative technique, it includes the physical constraints (entanglements) as 
well as chemical constraints (chemical bridges contributed by sulphur in our case). Swelling 
of crosslinked rubber networks is an inhomogeneous complex process due to the contributions 
by non-elastic components, sub-affine local deformation and topological reorganization of 
non-trapped entanglements. It is important to note that DQ-NMR experiments are sensitive to 
both physical and chemical constraints, which means that it can distinguish the different 
topologically constrained rubber networks. The intercept at Y-axis in Fig. 6.4a relates to the 
network density by entanglement contribution or other topological constraints as detected 
from NMR measurements23. The intercept at Y-axis quantitatively defines that crosslinked 
rubber networks consists of elastically active rubber chains as well as non-elastic defects. 
Unlike natural rubber, which has a residual dipolar coupling constant of 617 Hz, SBR and 
other copolymer systems cannot yield the actual crosslink density value, because there are no 
reasonable reference coupling values available24. Also natural rubber (NR) vulcanizates have 
more physical entanglements than synthetic solution styrene butadiene rubber (SSBR) which 
is polymerized by anionic polymerization with narrow molecular weight distribution25.      
6. 2. 2. 2 Silica filled composites 
 The effect of silica filler loading on crosslinking density of rubber matrix and the 
interfacial interaction between silica and rubber with presence and absence of TESPT silane 
coupling is also investigated by DQ-NMR experiments and correlated with equilibrium 
swelling measurements. As mentioned earlier, unfilled vulcanizates with different sulphur 
content show a linear relationship between the crosslink density values by swelling and NMR 
measurements.         
Chapter 6 Investigation of silica - silane interaction and interface
   
104 
 


































Figure 6.4 a) The correlation between crosslink density of unfiled SSBR with diferent 
amounts of sulphur (SSBR vulcanized with 1, 1.4, 2, 2.5, 3 and 4 phr of sulphur), 
measured by DQ-NMR experiments and equilibrium sweling method based Flory-
Rehner b) the actual Double Quantum build-up curves of various amount of sulphur 
contain SSBR vulcanizates 
Silica filed compounds display four diferent scenarios in our study, namely, when (a) there 
is no filer-polymer interaction, (b) filer-polymer (physical) interaction by virtue of filers 
being generated inside the elastomer, (c) an enhanced filer-polymer interaction using TESPT 
(bi-functional) silane coupling agent and (d) a filer-polymer interaction influenced by 
physical coupling as wel as chemical coupling between the silica and rubber. To highlight 
these points, our study mainly focuses on SSBR rubber filed with commercial precipitated 
silica and in-situ sol-gel derived silica along with the efect of incorporating TESPT silane 
coupling agents. 
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6. 2. 2. 2. 1 Commercial precipitated silica filled composites  
Unfilled vulcanizates with different sulphur contents from Fig. 6.4 are set as reference 
and the linear fit is assumed to be the master line. The incorporation of precipitated silica into 
SSBR tends to reduce the crosslink density, as indicated in Fig. 6.5a by the gradual decrease 
of Dres/2π and 1/Mc values as evaluated by NMR and swelling measurements. The 
phenomenon is well-known and is attributed to the adsorption of vulcanizing chemicals like 
zinc salts (zinc oxide and stearic acid mixture) and DPG on the filler surface, inhibiting the 
curing process4. The effects are more pronounced when increasing the volume fraction of 
precipitated silica (ULTRASIL VN3) in the rubber matrix. The samples x-10 to x-50 (samples 
filled with 10 to 50 phr of precipitated silica) show significant reduction in crosslink density 
(downwards shifts) with increasing volume fraction of silica. The deviating data points 
(Dres/2π VS 1/Mc) from the master line indicate the filler induced effect as well as the 
improved filler-polymer interfacial interactions on the crosslink density26. TESPT is a well-
known bifunctional silane coupling agent widely used in the tyre industry. It is also one of 
important silica surface modifier, through its silanization reaction of hydroxyl group situated 
on the silica surface and the ethoxy groups of the coupling agent. The silane contains sulphur 
bridges (S: ~4) which can participate in the crosslinking of rubber chains during the 
vulcanization process. Addition of such bi-functional coupling agents facilitates interfacial 
bonding between the silica filler and rubber and one can expect significantly higher 
crosslinks27. In Fig. 6.5a, with the incorporation of TESPT silane coupling agent into the 
commercial silica system, a horizontal shift (shift towards right) in the values from the master 
line is observed. Therefore, the DQ-NMR display negligible increment in the Dres/2π values, 
while the 1/Mc values from the swelling measurements are found to be increasing. The 
additional crosslink provided by the TESPT coupling agent must be closer to the silica surface 
and therefore, the contribution to the bulk polymer phase is lower. Perhaps, the improved 
rubber-silica interface could also result in a lower degree of swelling for the silane 
incorporated samples. It is however clear that commercial silica has weak interactions with 
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6. 2. 2. 2. 2 In-situ sol-gel derived silica composites 
In Fig. 6.5b, interesting observations are found for silica particles generated by sol-gel 
reaction29. The values are found to shift horizontaly towards to the right with increasing in-
situ silica content. These in-situ silica particles yield no change in the number of chemical 
crosslinks as indicated by the NMR measurements. Such an efect from the in-situ silica 
composites clearly explains the higher interaction between rubber chains and the silica filer, 
even with the absence of TESPT coupling agent or may be a reduced activator and accelerator 
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Figure 6.5 Plots of crosslink density by DQ-NMR as a function of Flory-Rehner based 
equilibrium sweling method for (a) Commercial ULTRASIL VN3 silica composites 
contain 10 to 50 phr of silica with and without TESPT coupling agent (b) Commercial 
ULTRASIL VN3 and in-situ silica system contain 10 to 50 phr of silica without TESPT 
coupling agent (c) in-situ sol-gel derived silica contain 10 to 50 phr of silica with and 
without TESPT coupling agent (d) summary of al the composites. The linear fited line 
(master line) represents unfiled rubber samples vulcanized with different amounts of 
sulphur 
The chemical properties and synthesis conditions of the in-situ silica particles are entirely 
diferent from commercial precipitated silica. The in-situ silica are prepared under alkaline 
condition using n-butylamine catalyst, which is basic in nature, could immensely influence 
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the surface and interaction properties of silica as well as the rate of the vulcanization 
reaction30. The findings are therefore different to commercial silica composites, which show a 
reduction in the crosslink density but similar to that of silane modified commercial silica 
composites. The drift from the master line for the in-situ silica samples is, however, less than 
the silane coupled commercial silica composites. This behaviour may be explained by the 
inhomogeneity in swelling, possibly due to the elastomer chains being tethered onto the 
surface or entrapped inside the in-situ silica particles20. Meanwhile, the small vertical shift 
observed for the in-situ silica composites from NMR measurements, indicates higher 
crosslink density values, probably due to the rubber chain entrapment or the filler surfaces 
acting as macro crosslink junctions27. 
Table 6.1 Crosslink densities of different silica filled SSBR composites estimated by 
NMR and swelling method 
Silica 
(in phr) 
Dres/2π (kHz) VFR(mol/kg) 
i i_TESPT x x_TESPT i i_TESPT x x_TESPT 
gum 0.268 0.146 
10 0.281 0.286 0.259 0.291 0.154 0.155 0.149 0.158 
20 0.284 0.274 0.252 0.294 0.174 0.206 0.153 0.188 
30 0.281 0.302 0.245 0.296 0.213 0.272 0.157 0.220 
40 0.281 0.305 0.237 0.298 0.221 0.302 0.159 0.258 
50 0.288 0.312 0.221 0.307 0.289 0.397 0.161 0.273 
 
An addition of TESPT silane coupling agents to in-situ silica shows significant 
increase in the crosslink density of the rubber matrix (Fig. 6.5c). The vertical shift from the 
master line indicates that Dres values are increasing with TESPT modified in-situ silica 
content. Presence of TESPT has increased the crosslink density, due to better interaction with 
the active silica filler surface, modified by n-butylamine catalyst used during the synthesis. In 
our previous study we found that amine modified in-situ silica can enhance the vulcanization 
efficiency and cleave the sulphur molecules (-S, -S2), providing additional crosslinks to the 
rubber29. This phenomenon would result in a huge significant horizontal shift in 1/Mc values 
after silanization of in-situ silica composites. One could therefore expect the additional 
crosslinks as a) cumulative effects from effective tethering of elastomer chains on the surface 
of in-situ silica by TESPT coupling agent, b) entrapment of the rubber chains inside the in-
situ silica particles, c) excess sulphur donation by the silane coupling agent and cleavage of 
sulphur molecules.  
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Figure 6.6 The plot normalized Double Quantum intensity versus Double quantum 
evolution time a) commercial precipitated silica b) silane modified commercial 
precipitated silica c) in-situ silica d) silane modified in-situ silica of 10 to 50 phr filled 
SSBR composites 
Fig. 6.5d and Table 6.1 summarize all the in-situ and commercial silica composites, 
with and without TESPT silane coupling agent. The plot correlates the NMR crosslink density 
(Dres/2π, vertical shifts) with the vulcanization efficiency as well as the influence of silica 
chemistry (acidic or alkaline) on the crosslink density of the rubber matrix27. Consequently, 
the crosslink density values by swelling (1/Mc, horizontal shift) depict the filler induced 
effects as well as filler-polymer interaction aided by the silane coupling agents24. The plot 
normalized Double Quantum intensity versus Double quantum evolution time of commercial 
precipitated silica, in-situ silica and their silane modified 10 to 50 phr of SSBR composites 
are given in Figure 6.6. 
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6. 2. 3 Physical estimation of silanol groups situated on the surface of silica particle 
To the understanding of the reactivity of silica surface, the amount of silanol groups present 
on the silica surface are calculated by Eq. 3.22 (in chapter 3) and the physical properties of the 
silica powders are enumerated in Table 6.2. The silica surface usually tends to adsorb 
significant amount of moisture due to its hygroscopic nature. According to the chemical 
structure of silica, it contains three different chemical structures namely isolated, vicinal and 
geminal silanols (see chapter 2). The silanol type and density would vary according to the 
preparation condition and the amount of water being used during synthesis. By knowing the 
thermal degradation behaviour and the specific surface area (BET- nitrogen adsorption 
number), one could roughly estimate the number of silanol groups31. The estimated silanol 
density for in-situ silica is higher as compared to the precipitated silica powder. This may be 
due to the higher amount of bound moisture and the higher final weight loss because of the 
entrapped polymer chains37. However, the physical estimation of silanol groups for in-situ 
silica is not valid due to the absence of purity Scientifically the calculated amount of Si-OH of 
34 OH/nm² is sterically inconceivable38,40 and the estimation of silanol density using physical 
equation is not an accurate method for in-situ silica system39.  
 
Table 6.2 Determined properties of different silica materials and silanol density 
Type of silica 
Final weight 
loss (%) 
Amount of moisture 





Commercial Precipitated 7 4.6 175 9.2 
In-situ sol-gel 12 9.4 32* ≈34 
*The measured BET - N2 surface area of in-situ silica is around 32m
2/g, which is considerably lower than commercial silica. 
It is found that after separation of in-situ silica particles from the rubber by solvent dilution technique, trace rubber exist and 
the presence of these trace rubber inhibits N2 adsorption on silica surface, resulting in lower BET numbers. However, the 
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6. 2. 4 29Si-Solid state NMR investigation of silica and silica composites 
6. 2. 4. 1 29Si-MAS NMR experiments  
Fig. 6.7 depicts the direct excited 29Si magic angle spinning spectrum (MAS) of two silica 
powders. The chemical structure of two given silica are different as evident from the MAS 
spectra. The chemical structure of silica particles are defined by the different silanols groups 
namely isolated, vicinal, geminal silanols and silica di-oxide4. Both silica powders are 
expected to display two important peaks at -103 ppm and -113 ppm, corresponding to mono-
silanols and silica oxide respectively32. In commercial silica samples, these two main peaks 
are found at -103 ppm attributed to the mono-silanol group of Si-OH (Q3) and at -113 ppm 
attributed to the SiO2 (Q
4). The peak at -93 ppm of the geminal silanols Si-(OH)2 (Q
2) is not 
detected because of its lower count. In the case of in-situ silica powder, the peak at -103 ppm 
is much stronger and the line width is nearly two times than commercial silica powders. This 
explains that in-situ silica surface consists of many mono-silanol groups Si-OH (Q3)33-34. 
From the direct excited spectrum of two silica powders, Q4 and Q3 groups are estimated by 
peak integral analysis to get quantitative information on the chemical structure of in silica 
powders. Commercial silica powder consists 92% of Q4 and 8% of Q3, whereas, in-situ silica 
consists 57% of Q4 and 43% of Q3. Both the silica powders possess negligible geminal silanol 
(Q2) groups. These findings correlate well with the physically estimated silanol density by 
thermogravimetric analysis and BET surface (in Table 6.2).   
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6. 2. 4. 2 29Si-1H Cross polarization experiments  
To understand the changes in proton density on silica surface in the presence of rubber and 
silane coupling agents, 29Si-1H cross polarization experiments are performed. Fig. 6.8 shows 
the 29Si-1H cross polarization spectra for SSBR/in-situ and commercial silica composites. The 
cross polarization spectra indicate minor amounts of Q2 groups, which are expected to be 
present on the surface of the particles.  
 
 
Figure 6.8  29Si-1H cross polarization spectrum for SSBR / (a) in-situ and (b) commercial 
silica composites 
From Table 6.3, the quantitative peak intensity estimates around about around 21.69% of Q3 
and 78.31% of Q4 groups for the x-silica and around 42.98% of Q3 and 57.02% of Q4 for the 
in-situ silica powders. With the incorporation of in-situ silica and commercial silica into 
rubbers, the intensity of the Q3 and Q4 reduces significantly. This is a consequence of increase 
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in magnetization transfer to the non-hydrogenated Q4 and Q3 groups due to the presence of 
protons from the rubber molecules on the silica surface. Due to these effects, the Q3 intensity 
has reduced from 42.98 (in-situ silica powders) to 27.76% for the in-situ silica composites. In 
the case of commercial silica powders, there is a reduction from 21.69% to 20.44%. The 
values indicate that the surface chemistry and interaction of silica to rubber changes after 
mixing. This could be due to the higher mechanical energy applied during the mixing process 
for commercial silica systems33 and the particle growth during in-situ sol-gel generation for 
the in-situ silica composites. The Q3 intensity is further reduced for the silane modified silica 
composites. The reduction in Q3 is around 2.27% for in-situ silane modified system and 
0.14% for the commercial silane modified system, which indicates that the extent of 
silanization is high for in-situ silica than commercial silica systems. T-groups indicating the 
covalent bonds between silica and silane coupling agent is observed in the cross polarization 
spectra of the compounds. These signals are in the chemical shift range of -40 to -70 ppm35-36. 
Table 6.3 Estimated peak integral from 29Si-1H cross polarization experiments 
Materials Q3 integral (%) Q4 integral (%) 
In-situ silica powder 42.98 57.02 
i-30 27.76 72.24 
i-30_TESPT 25.49 74.51 
Commercial silica powder 21.69 78.31 
x-30 20.44 79.56 
x-30_TESPT 20.30 79.70 
 
6. 2. 5 Energy dispersive X-ray spectroscopy (EDX) analysis 
Fig. 6.9a shows a normalized EDX spectrum with respect to Si- peak acquired form 30 x 40 
µm2 samples (see chapter 3). The elemental mapping of silane modified silica particles exhibit 
five different traces of elements like silicon, carbon, oxygen, sodium and sulphur. The 
average of two scanned areas and the detected elemental composition is summarized in Table 
6.4. The determined average quantitative amount of elements states that the reactivity of 
silane coupling agent with either of the silica is different. The commercial silane modified 
silica yields a lower carbon trace, while is higher for the in-situ silica. At the same time, 
sulphur traces on the silica surface confirm that both silica surfaces are modified by TESPT 
silane coupling agent. However, from quantitative determination, sulphur content is higher in 
the case of in-situ silica around 0.4 % and is only 0.2 % for commercial silica system.  
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Figure 6.9 (a) EDX core spectrum of two silane modified silica particles separated from 
the rubber matrix (b) Detected sulphur peak on the surface of the precipitated and in-
situ silica powder by EDX analysis 
 
Figure 6.10 (a) Normal SEM image (b) SEM image with color overlay of C, O, Si 
distribution and elemental distribution maps of (c) Carbon (d) Oxygen (e) Silica (f) 
Sulfur of i-30_TESPT commercial silica composite 
The higher amount of sulfur atoms detected on the in-situ silica surface further confirms its 
higher reactivity with the silane coupling agent, because of its active and ample hydroxyl 
groups. The small sodium peak observed in the case of in-situ silica and commercial silica 
might be due to the presence of impurities from the precursor. Fig. 6.10 and Fig. 6.11 show 
the distribution of different elements of samples i-30_TESPT and x-30_TESPT respectively. 
- In-situ TESPT modified silica 
- Commerical TESPT modified silica a) b)
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The apparent non-uniformity of element distribution in specimen x-30_TESPT is found due to 
the inhomogeneous topography of the specimen. For specimen i-30_TESPT the silica 
particles are surrounded by rich carbon layer probably is a strong thin film of rubber covering 
the silica surface along with sulphur. 
 
Table 6.4 Average composition in weight (%) derived from EDX spectra 
Element x-30_TESPT i-30_TESPT 
C 32 ± 10 36.5 ± 10 
Si 33 ± 4 31 ± 7 
O 34 ± 10 32.5 ± 7 




Figure 6.11 (a) Normal SEM image (b) SEM image with color overlay of C, O, Si 
distribution and elemental distribution maps of (c) Carbon (d) Oxygen (e) Silica (f) 
Sulfur of x-30_TESPT commercial silica composite 
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In this chapter, detailed studies were done to understand the reinforcement of SSBR by two 
different silica fillers in-situ sol-gel silica and precipitated commercial silica. The main 
challenge was to study the effects of silica generation and incorporation into rubber, along 
with the influence of surface chemistry, rubber-filler interactions in presence and absence of 
silane on reinforcement. Low field proton NMR investigations emphasized that the surface 
functionality and alkaline or acidic nature of silica influenced on the crosslink density of 
rubber. The DQ-NMR versus equilibrium swelling experiments correlations evidenced that 
generation of silica inside the rubber matrix can reinforce significantly better than 
incorporation of silica into the rubber. The type of filler-rubber interaction (physical or 
chemical) was scientifically distinguished from DQ-NMR versus swelling correlation plots. 
The interaction mechanism of in-situ silica with the rubber was unique, which reinforced the 
rubber without any silane coupling agent. Entrapment of rubber chains inside the silica 
particles as well as strong mechanical tethering of rubber chains onto the surface of the in-situ 
silica particles were the most plausible reasons for the enhanced rubber/in-situ silica filler 
interactions. The solid state 29Si NMR MAS investigations depict different chemical 
structures for commercial silica and in-situ silica powders; a higher silanol density was also 
observed for in-situ silica. The solid state 29Si-1H cross polarization experiments highlighted 
that around 2% of silanol groups were modified by TESPT coupling agent in in-situ silica 
composites and was rather only 0.2% in the case of ppt. silica composites. The EDX 
investigations affirmed both the silica surfaces being modified by TESPT silane, however the 
extent silane modification was higher for in-situ silica. Finally, it could be concluded that 
silanization efficiency not only depends on the processing temperature and time, rather also 
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Silane coupling agents are one of the important rubber ingredients and playing a major 
role in manufacturing silica filled tyres1-2. Plenty of silane coupling agent are commercially 
available in the market. However, according to the reactivity between rubber and silica, the 
silane coupling agents are generally divided into two, namely, mono-functional silanes and bi-
functional silanes3. Similarly, according to the type of molecular interaction between rubber 
and silica, they are further classified into physically (physically coupled with rubber chains) 
or chemically (covalently coupled with rubber chains) interacting coupling agents. 
Nevertheless, the bi-functional silane or sulphur containing silane coupling agents are 
primarily considered and are more important in the field of rubber science and technology.  
The proper selection of silane coupling agent is one of the critical parameters in rubber 
product manufacturing and decides the final performance of the rubber-silica composite4. In 
the previous chapters, the reinforcement effects observed for the in-situ and precipitated silica 
composites are explained to be entirely different because of their particle sizes, state of 
dispersion and filler-polymer interaction. The silica particles developed by the in-situ method 
were found to be relatively bigger around 200~400 nm5. In this chapter, attention is paid to 
understand the reinforcing effect achieved by the incorporation of different silane coupling 
agents like Diethoxydimethylsilane (DMS), (3-Aminopropyl)triethoxysilane (APTES), n-
Octodecyltriethoxsilane (ODTES), 3-Octanoylthio-1-propyltriethoxysilane (NXT), (3-
Mercaptopropyl)trimethoxysilane (MPTES), Bis[3-(triethoxysilyl)propyl]disulfide (TESPD)  
and Bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) into in-situ silica composites. The study 
is further extended and compared with commercial precipitated silica composites. The 
influence of silica dispersion, filler-filler interaction, filler-polymer interaction, filler-polymer 
interfaces, type of interaction between the rubber and silica and finally the crosslink density of 
the composites on the reinforcement of rubber are investigated in detail. 
7. 2 Results and discussion 
7. 2. 1 Mechanical properties 
The stress-strain properties of SSBR gum and 30 phr silica filled composites are 
shown in Fig. 7.1. In-situ silica based composites display higher 100% and 200% moduli with 
slight compromise in elongation at break and tensile strength, when compared to precipitated 
silica composites. All silane modified in-situ silica composites exhibit higher modulus (i.e. at 
100% and 200% elongation) than in-situ silica without any silane. This trend can also be 
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found at precipitated silica and their silane modified composites. The improvement in 
mechanical strength by silanes for the in-situ silica composites is much higher than in 
precipitated silica systems. The observed tensile properties in presence and absence of silane 
coupling agents for the in-situ silica system illustrates that the surface chemistry and the 
nature of filler-polymer interaction is different from the precipitated silica fillers4. The 
numerical order of mechanical reinforcement with respect to increase in 100% and 200% 
modulus offered by various silanes could be summarized as: 
for in-situ silica: ODTES < Pristine < APTES < DMS < NXT < TESPD < MPTES < TESPT 
 









Figure 7.1: Stress-strain properties of different silanes in 30 phr (a) in-situ silica and (b) 
precipitated silica filled SSBR composites 
 
The reinforcement effect of in-situ and precipitated silica using different silane coupling 
agents varies due to several factors. Some of the possible reasons are like, 1) a different pH of 
the rubber system depending on the fillers (in-situ silica is synthesised in an alkaline medium 
and precipitated silica has an acidic surface), 2) the different coupling efficiencies of silanes 
to the silica and polymer, 3) different reactivities of silanes under alkaline and acidic 
atmosphere (for example: TESPT silane is able to donate the sulphur atoms to the rubber 
matrix in highly alkaline condition and mercapto silane may be sensitive to react faster in 
acidic atmosphere), 4) a plasticizing effect by DMS, ODTES and APTES due to mono 
functionality. However, further investigations are necessary to understand the mechanical 
reinforcement of rubber by different silane coupling agents in the in-situ silica system.  
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7. 2. 2 Dynamic mechanical properties 
7. 2. 2. 1 Strain sweep measurements 
 The dynamic mechanical strain dependent properties are studied to investigate the 
filler-filler interaction and dispersion of silica in the composites. The experimental strain 
sweeps along with extrapolated hydrodynamic reinforcement (Chen-Acrivos model)6 data are 
fitted with the Kraus model (	 = 	
 + 
 − 	
 /1 + /
	) and shown in Fig. 
7.2 and the obtained parameters are summarized in Table 7.1. Experimental results show that 
incorporation of silane coupling agents in precipitated silica filled systems decrease the 
storage modulus in the lower strain regime7-8. Usually, silane coupling agents assist in silica 
dispersion, causing an overall reduction in the dynamic modulus9.  
Figure 7.2 Strain dependency of dynamic elastic modulus for the SSBR/in-situ silica 
composites (symbols represent experimental data and lines represent the fitted Kraus 
equation (chapter-3, equation 3.6)) 
A contrary effect is observed with the addition of MPTES silane in the precipitated silica 
system, where the dynamic modulus of rubber increased. Generally, MPTES silane is 
considered to be highly reactive with precipitated silica facilitating improved silanization 
reaction. This coupling agent is so reactive that the crosslinking reactions (scorch) are 
partially taken place and increase the viscosity of rubber compound during the mixing process 
of the silica in the internal mixer10-11. Interesting scenarios are observed for in-situ silica 
systems, where silane incorporation increases as well as decreases the storage modulus. 
Addition of sulphur containing silanes like MPTES, TESPD and TESPT displays higher 
storage modulus than the pristine in-situ silica composites.  
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Table 7.1 Calculated strain dependent dynamic properties of composites by Kraus 
function 
30 phr of 
silica 
Critical strain (%) Strain amplitude constant (m) 
In-situ Precipitated In-situ Precipitated 
Pristine 42 39 0.47 0.51 
DMS 31 27 0.42 0.51 
APTES 30 37 0.33 0.41 
ODTES 31 22 0.49 0.47 
NXT 33 35 0.43 0.49 
MPTES 37 31 0.39 0.40 
TESPD 41 33 0.53 0.41 
TESPT 41 37 0.46 0.52 
 
7. 2. 2. 2 Temperature sweep measurements 
Table 7.2 Important dynamic mechanical properties of various silane modified silica-

















gum 2.85 2.44 2.14 0.200 0.461 0.080 1.788 -27.8 
x-30 7.17 6.00 5.22 0.199 0.423 0.097 1.370 -28.2 
x-30 DMS 7.59 6.02 5.07 0.246 0.468 0.106 1.314 -27.0 
x-30 APTES 6.72 5.59 4.78 0.205 0.420 0.114 1.387 -27.8 
x-30 ODTES 5.76 4.79 4.13 0.200 0.395 0.109 1.413 -29.2 
x-30 NXT 6.86 5.71 4.82 0.200 0.408 0.101 1.353 -28.4 
x-30 MPTES 9.38 7.87 6.83 0.201 0.397 0.093 1.304 -28.1 
x-30 TESPD 7.95 6.48 5.51 0.216 0.443 0.098 1.304 -28.2 
x-30 TESPT 7.04 5.93 5.38 0.209 0.442 0.076 1.341 -26.8 
i-30 6.58 5.58 5.05 0.209 0.467 0.063 1.575 -27.8 
i-30 DMS 6.64 5.41 4.64 0.218 0.429 0.103 1.542 -28.6 
i-30 APTES 6.24 5.19 4.43 0.191 0.404 0.111 1.618 -28.7 
i-30 ODTES 5.57 4.46 3.97 0.190 0.384 0.100 1.604 -29.7 
i-30 NXT 5.79 4.79 4.18 0.203 0.405 0.100 1.602 -27.8 
i-30 MPTES 6.67 5.50 4.93 0.200 0.426 0.090 1.569 -28.0 
i-30 TESPD 6.47 5.31 4.77 0.212 0.458 0.085 1.559 -28.0 
i-30 TESPT 7.20 6.20 5.74 0.229 0.500 0.057 1.514 -26.0 
 
The physical coupling agents DMS, APTES and ODTES show a reduction in the dynamic 
modulus of the in-situ silica composites7. To further understand the filler-filler interaction 
effect, the strain sweep data are fitted with Kraus model and the results are given in Table 7.1.  
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The estimated critical strain values are different for all composites. It is generally believed 
that high critical strain represents lower filler-filler interaction, higher filler dispersion and the 
composites are less sensitive to dynamic strains. The results show that in average the in-situ 
silica contributes higher critical strain values as compared with the corresponding precipitated 
silica. This quantitative prediction indicates that precipitated silica composites have more 
filler-filler networks and these networks are more susceptible to dynamic strains12. In-situ 
derived silica composites possess lower filler-filler network, which indicates good filler 
dispersion5. The SEM investigation show that the in-situ silica particles are bigger in size as 
compared to precipitated silica system. In this scenario, one could also consider that at the 
equal amount of in-situ and precipitated concentration (volume fraction of silica) in rubber, 
in-situ silica system exhibit a lower particle to particle distance when compared to 
precipitated silica.  The strain amplitude constant (m) lies in between 0.33 to 0.53 and is 
common for all silica filled rubber systems13.  
 The dynamic mechanical time dependent properties for the gum and 30 phr silica filled 
composites are studied over temperatures from -60oC to 80oC, the obtained plots are depicted 
in Fig. 7.3 and specific properties are summarized in Table 7.2. Fig. 7.3a and 7.3c show the 
temperature dependent changes in the storage moduli for different silica composites. The 
storage modulus behaviour for the filled composites with increasing temperature is almost 
similar to gum vulcanizates. Storage modulus of the composites changes significantly with 
respect to the type of silane coupling agent used. The mono-functional silane modified 
composites exhibit lower high temperature modulus compared to bi-functional silane 
modified composites. This higher storage modulus is mainly due to the improved filler-
polymer interaction and the additional sulphur in the rubber matrix. Interesting facts are 
observed from the tan δ - temperature plots. Incorporation of silica significantly reduces the 
tan δ peak height (tan δmax). Precipitated silica composites display lower tan δmax than in-situ 
silica systems. Additionally, incorporation of silanes in both the systems further reduces the 
tan δmax values
14. The glass transition temperature (Tg) for the in-situ and precipitated silica 
modified by ODTES silane display a negative Tg shift of ~2˚C. The ODTES silane is a linear 
long chain aliphatic silane, which could acts as a plasticizing agent and the Tg of composites 
are therefore lower. Whereas, with the addition of bi-functional silanes, in-situ silica 
composites shows a slight increase in Tg. The Tg shift in this case could be explained by the 
stronger rubber-filler interaction15 and the additional crosslinks formed16 in the rubber matrix. 
The tan δ values at -10˚C, 0˚C and 60˚C are generally considered to predict the performance 
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of tyre treads in terms of ice grip, wet grip and roling resistance17 respectively; values are 













Figure 7.3 Dynamic mechanical temperature sweep analysis of diferent silane modified 
in-situ silica and ppt. silica based SSBR nanocomposites (a) & (c) temperature 
dependent changes in storage modulus and (b) & (d) temperature dependent changes in 
tan δ 
 
TESPT modified silica composites exhibit improved ice grip, wet grip and roling resistance 
properties. Furthermore, TESPT modified in-situ silica composite shows beter performance 
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7. 2. 3 Heat build-up properties 
 The amount of heat generated and accumulated inside the composites under a 
dynamic load is measured and the corresponding compression-set values (calculated after the 
experiment) are plotted in Fig 7.4. In Fig 7.4a, due to the absence of any filler, the gum 
vulcanizate shows a lower heat build-up and with the incorporation of silica, heat build-up 
increases. Incorporation of silane coupling agent in in-situ and precipitated silica systems, 
significantly suppress the amount of heat generation. The silane modification by a chemical 
coupling agent shows lower heat build-up than physical coupling agents. For physically 
coupled systems, it is observed that an increase in aliphatic chain length decreases the heat 
build-up. The precipitated silica and their silane modified composites display higher heat 







Figure 7.4 (a) Heat build-up properties and (b) compression set values (after heat build-
up experiments) for various 30 phr in-situ and ppt. silica filled composites 
 Fig.7.4b summarizes the compression set values after the heat build-up 
experiments. The pristine ppt. silica system exhibits the highest compression set compared to 
gum and other silane modified systems. The physical modification of silica by DMS, APTES 
and ODTES results in larger compression set compared to other bi-functional silanes. The 
chemical modification however offers lower compression set, especially TESPT. The results 
clearly show that inclusion of precipitated silica increases the internal friction between the 
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7. 2. 4 Rebound resilience 
The rebound resilience properties of SSBR gum, in-situ and precipitated silica filled 
composites are summarized in Fig 7.5. The resilience of rubber is found to be reduced with 
the addition of filler19. However, the resilience characteristics are improved with the addition 
of all type of silane coupling agent in both the silica systems. The physical and chemical 
silane modification of silica in the rubber improves the resilience characteristics significantly. 
Chemically modified silica composites exhibit better resilience properties than physically 
modified systems. However, in-situ silica based rubber composites shows better resilience 
characteristics in comparison to precipitated silica systems20 and possess high elasticity than 









Figure 7.5. Rebound resilience properties of 30 phr different silane modified in-situ and 
precipitated silica filled SSBR composites 
7. 2. 5 Abrasion properties (DIN 53516) 
Fig.7.6 depicts the abrasion resistance index (ARI) of gum and 30 phr silica filled silane 
modified SSBR composites. The incorporation of silica and silane significantly improves the 
abrasion resistance of the rubber composites. The abrasion properties are however dependent 
on the type and nature of silane coupling agent21. In precipitated silica systems, physical 
modification by APTES and ODTES improve the ARI compared to DMS modification. In in-
situ silica systems, all physical silane modifications increase the ARI values significantly 
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functional silanes exhibits even higher resistance to abrasion with respect to physical silanes, 
in both in-situ as well as precipitated. silica systems. The NXT silane modified precipitated 
silica composite exhibits the highest ARI value than other sulphur based silanes like MPTES, 










Figure 7.6 Abrasion resistance index of gum and 30 phr silica filled different silane 
modified composites 
7.2.6 Molecular interpretation of silica-silica network and desorption of rubber chains 
from the silica surface by temperature dependent-strain sweep measurements 
From the perspective of adsorption, the polymer chains are attached onto the filler 
surface in two different ways, namely physical adsorption (physisorption) and chemical 
adsorption (chemisorption)22. In chemisorption process, the polymer molecules strongly 
adhere onto the surface by chemical bonding. Removal of such chemisorbed layer is more 
difficult and it is non-reversible process. In physisorption process, there are attractive Van-
der-Waals forces acting between the polymer chains and the filler surface. Physisorption 
enables both adsorption and desorption and is also a reversible process. Physical adsorption 
involves the formation of successive multi-molecular layers and desorption can take place 
from top to bottom of the multiple physisorption layer. But, chemisorption is always restricted 
to a single layer. In some cases, physical adsorption may take place on the top of a 
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strain sweep (Payne effect) measurements. The model describes that rubber chains come 
closer and interact with the filler surface and the density of adsorption and desorption of 












Figure 7.7 Strain sweep experiments performed at different temperatures on a 30phr in-
situ silica filled silane modified system, extrapolated to 1000% modulus estimated from 
hydrodynamic Chen-Acrivos equation and fitted with Maier-Göritz model (dashed 
lines). The scheme in bottom shows the impact of strain amplitude and the scheme on 
the right depicts the effect of temperature on the silica filled rubber composites 
The basic principle of the model is derived from the theory of entropy elasticity of rubbers. 
 =      (7.1) 
where  is the storage modulus of filled system,  is the network density, is the 
Boltzmann constant and  is the absolute temperature. According to the theory of 
reinforcement, the network density of filled rubber is contributed by three different parts 
 =  +  +    (7.2)  
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where  is chemical network density,  is density of stable bonds strongly attached 
(immobilized rubber chains) at filler surface and  is density of unstable bonds between 
chains and filler. When the dynamic strain is increased, more unstable rubber chains are 
teared off from their bonds. Therefore, the storage modulus of the material is strongly 
dependent on the strain amplitude () and the strain dependent entropy elasticity of rubber 
material is therefore, 
 =  +  +   (7.3) 
With this relationship, it is easy to describe the strain dependent modulus contribution by 
means of entropy elasticity.  
As per the basic Langmuir adsorption theory, the adsorption and desorption of 
molecules on the surface come to equilibrium after a certain period of time. In the case of 
Langmuir’s model the adsorption is determined by a function of pressure. According to 
Maier-Göritz model, ‘the adsorption rate of rubber chains is constant, because the number of 
chains segments in the range of free isolated interaction position and the pressure is 
constant’25. On the other hand, the rate of desorption is strongly dependent on the magnitude 
of dynamic strain deformation. Therefore, with the increase in dynamic strain amplitude, 
more rubber chains are separated from the filler surface. The desorption rate is proportional to 
the dynamic strain amplitude, i.e., ∅ =  where ∅ is desorption rate,  is a constant. 





    (7.4) 
Here & is number of isolated interaction sites per volume. From Eq.3 and Eq.4 the 
following equation is obtain 
 =  +  +
 !"
#$%
  (7.5) 
So the strain dependent storage modulus of filled rubber system can be related to the variation 






    (7.6) 
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 =  +  and 
 = &. The parameter ‘c’ is approximately 
constant. 
Temperature has a great influence on the modulus of a rubber material according to theory of 
rubber elasticity. It is also well known that the storage modulus at small deformation is lower 
at high temperatures and the Payne effect is also reduced. The stable network density 
contributed by  +  is therefore assumed to be less influenced by temperature, whereas, 
the amount of unstable network (Eq.4) is strongly reduced. The model describes that 
desorption of unstable chains from the filler surface is responsible for the strong decrease in 
dynamic storage modulus with increasing the temperature. Desorption of rubber chains from 
the filler surface is a temperature activated process and the temperature dependence of the 
number unstable bonded chains  is explained as an Arrhenius equation. 
 = 	+
,'- ./0⁄           (7.7) 
where, 	 is a constant representing the density of unstable bonds independent of 
temperature or deformation amplitude and 2 is the activation energy.  
Fig.7.7 shows the temperature and strain dependent Payne effect experiments of a 30 
phr in-situ silica filled TESPT modified rubber composite. The amplitude of the Payne effect 
decreases gradually with temperature. According to the theory of rubber elasticity, the 
modulus of a rubber material should increase linearly with respect to temperature. At the same 
time, it is well accepted that the storage modulus at small deformations is lower at high 
temperatures and the Payne effect diminishes with increasing temperatures. The observations 
confirm that the decrease of dynamic moduli in filled rubber composites is not only 
contributed by the filler-filler interaction, but rather also by the polymer chains. To 
understand desorption of rubber chains from the immobilized layer (chemisorbed layer), three 
different silica systems have been chosen and given in Fig 7.8. The three systems are chosen 
according to the nature of interaction between silica and rubber i.e., chemical interaction by 
TESPT, physical interaction by DMS and between unmodified silica and rubber. Figure 7.8 
also shows the linear Arrhenius fits for estimation of unstable bonds for the 30 phr in-situ and 
ppt. silica filled composites, modified by various silane coupling agents along with an unfilled 
gum vulcanizate. Obtained slope values and the calculated activation energies are given in 
Table 7.8. The number of unstable rubber chains (physically adsorbed on the filler surface) is 
strongly influenced by the filler content, as can be seen from Table 7.3. The model equally 
applies to unfilled systems and suggests that a part of the entangled networks have longer 
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relaxation times than the experiment. Unfilled vulcanizates display the highest slope of 
~1059. From the perspective of Payne effect, an unfilled system does not exhibit any strain 
dependency. However, temperature induced softening of the crosslinked rubber network as 
well as disentanglement or entanglement relaxation in the rubber chains might occur. The 
silica filled silane modified systems show lower slope values than the gum vulcanizate, 
effects attributing to silica and silane coupling. When the composites are subjected to 
temperature, one could expect contributions from polymer, filler as well as from the 
immobilized and loosely bounded rubber chains. 


































Figure 7.8 Arrhenius plot of temperature and strain dependent desorption of unstable 
rubber chains from silica particles predicted by Maier-Göritz model25 
The Arrhenius slopes are changing with respect to the nature of silica and the silane 
coupling agent, implying different silica-rubber interactions. Therefore, the estimated 
activation energies are different for in-situ and precipitated silica systems that are filled with 
the same volume fraction and modified by the same silane. It is observed that both stable and 
unstable bonds in the network simultaneously reduce with an increase in temperature from 
273 to 353 K. This huge change in the number stable bonds arise questions, since stable bonds 
are described as tightly bounded chains in the vicinity of the filler surface. Some NMR 
investigations state that the stable immobilized layer thickness in silica filled composites is 
nearly 1-5 nm at 350 K26-28. However, if the rubber-filler interface adherence is poor, it would 
account for the sharp decrease in the number of stable bonds at high temperatures.  
Chapter 7                                                        Effect of physical and chemical interaction between silica and rubber
   
134 
 
The Maier and Göritz model is mainly developed for carbon black filled systems; 
where polymer chains adhere strongly onto the filler, by virtue of their high interaction with 
rubbers. Whereas, in case of silica filled systems, the rubber chains sparingly adhere on the 
filler surface and the silane coupling agents tether the rubber chains with the silica. This 
makes silica filled systems to have both stable and unstable bonds. Some of the stable bonds 
may also be connected through glassy bridges (between the silica particles), which would 
cause a reduction in the modulus as suggested by Merabia et.al.29. To further analyse the 




,'- 30⁄  (7.8) 
 
Where, Nun is a constant characterizing the density of unstable bonds independent of 
temperature or deformation amplitude and Ea is the activation energy.  
From the plot of the logarithm of the density of unstable chains against the inverse of 
temperature shown in Figure 7.8, the activation energy can be calculated and is found to be in 
between 0.0913 to 0.0184 eV for different silane modified SSBR composites filled with 30phr 
of in-situ and commercial precipitated silica30-31. This value is within the range of the van der 
Waal’s interaction. The rate of desorption is directly proportional to the number of unstable 
chains at the filler surface. Hence it is concluded that the number of unstable fixed chains 
adsorbed on the filler surface contributes to the reduction of modulus with increase in 
temperature. Nevertheless, the prediction of stable and unstable polymer chains25 on silica 
surface are also depend on the specific surface area of silica, the amount of silanol groups 
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Table 7.3 The stable chains and unstable chains predicted from the Payne effect 
measurements 
 1/T (K-1) Stable chains    
[ Nst x 10
20 ] 
(1/cm3) 
Unstable chains   
[ Nun x 10
20 ] 
(1/cm3) 
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Table 7.4 Crosslink density of different silane modified silica filled SSBR composites 
estimated by NMR and swelling method as well as the desorption of activation energy 




Dres/2π (kHz) VFR(mol/kg) Desorption 












Gum 0.268 0.146 9.13 1059 
Pristine 0.281 0.245 0.212 0.157 1.84 2.71 213 315 
DMS 0.277 0.258 0.209 0.144 4.66 5.37 541 623 
APTES 0.252 0.263 0.200 0.155 3.77 3.83 437 445 
ODTES 0.255 0.253 0.207 0.185 3.25 4.08 377 474 
MPTES 0.280 0.275 0.252 0.206 3.52 3.49 524 405 
NXT 0.262 0.259 0.251 0.207 3.31 4.37 384 507 
TESPD 0.282 0.293 0.264 0.203 3.09 4.44 358 515 
TESPT 0.303 0.296 0.272 0.220 2.49 3.53 289 410 
 
7. 2. 7 Effect of physical and chemical interfaces on crosslink density of rubber 
Filler-polymer interaction is considerably a major factor deciding the mechanical 
properties. Major properties of a silica filled composite depend on the type of silane coupling 
agent being used as well as the nature of interaction (physical or chemical) between rubber 
and silica. The final crosslink density of rubber matrix is also influenced by type of functional 
groups present in the silane coupling agent and their functionality (mono- or bi-functional)32. 
Fig.7.9a&b and Table 7.4 depict the influence of various silane coupling agents on the 
crosslink density of the SSBR matrix based on the DQ-NMR and equilibrium swelling 
measurements. The grey dashed line represents the unfilled system vulcanized with 1.4 phr 
sulphur to understand the changes in chemical crosslinks. Values above and below the grey 
line distinguishes the change in network density by physical and chemical coupling of silanes. 
The effect of mono functional silanes (data within the red circle) and bi-functional silanes 
(data within the blue circle) on the physical and chemical crosslink densities are apparent 
from the plots. Addition of mono functional coupling agents like DMS, APTES, and ODTES 
in precipitated silica composites exhibits a slight increase in the chemical crosslink. It reveals 
the inferior effect (reduction in chemical crosslink) of precipitated silica in rubber is defeated 
by physical modification.  
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Figure 7.9 Type of coupling agent on the crosslink density of SSBR measured by NMR 
as a function of Flory-Rehner based equilibrium sweling method.  30 phr of a) in-situ 
and b) ppt. silica filed elastomers with diferent silane coupling agent 
In the case of in-situ silica composites the physical modification by DMS, APTES, and 
ODTES tend to slight reduction in amount of final crosslinks. On the other hand, bi-functional 
silanes like NXT, MPTES, TESPD and TESPT show significant improvements in amount of 
chemical crosslinks (larger horizontal shift)11. The vertical deviation from the master line (the 
vertical shift) of red and blue circles signifies that in-situ silica has beter filer-polymer 
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interaction than precipitated silica filed system. The plots afirm that the additional crosslinks 
are mainly contributed by the sulphur present in the silane coupling agent and are also directly 
related to the chemical interfacial changes between silica and rubber33. 
7. 3 Conclusions 
The efects of incorporating diferent silane coupling agents on the performance and 
properties of in-situ derived and commercial precipitated silica based rubber composites were 
investigated in details in this chapter. The mechanical reinforcement in terms of improvement 
in tensile modulus ofer by the in-situ silica was higher compared to precipitated silica 
composites. The elongation at break and tensile strength were slightly compromised for the 
in-situ composites. Payne efect measurements showed that filer-filer network break down 
and effect of silanes on the dynamic storage modulus were entirely diferent for in-situ and 
precipitated silica composites. The physical and chemical modification of silica and the 
reactivity of silanes were some of the parameters that influenced the filer-filer interaction. 
The temperature sweep measurement showed that the storage modulus above room 
temperature was unaffected with respect to different silanes, except TESPT and ODTES. 
TESPT showed slightly higher and ODTES showed slightly lower storage moduli. The 
TESPT silane shows an enhanced interaction with the rubber, while ODTES have a 
plasticizing efect, as observed from the high temperature storage modulus of the composites. 
The roling resistance predicted from tan δ plots indicated that the TESPT modified in-situ 
and precipitated silica composites display low tan delta at 60 °C compared to other silane 
modified silica composites. The heat build-up studies revealed that in-situ silica and their al 
their silane modified composites exhibit lower heat build-up and lower dynamic compression 
set. The rebound resilience was reduced with the addition in-situ and precipitated silica and 
the silane modification further improved the resilience properties. However, the chemical 
interaction between silica-rubber by NXT, MPTES, TESPD and TESPT showed higher 
resilience compared to physical interaction by DMS, APTES and ODTES. The abrasion 
experiments showed the precipitated silica composites ofered higher abrasion resistance 
compared to in-situ silica systems. The addition of silane coupling agents significantly 
improved the abrasion resistance index, however chemicaly modified silica composites 
showed beter abrasion resistance than physicaly modified silica composites. The molecular 
interpretation of Payne efect studies showed that the number of unstable chains adsorbed on 
the silica surface contributes to the reduction of modulus with increase in temperature. The 
crosslink density study revealed that the bi-functional silanes like NXT, MPTS, TESPD and 
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TESPT show significantly higher amounts of chemical crosslinks due to enhanced silica-
rubber interaction. Finaly, the nature of silane interaction (physical or chemical) with rubber 
and silica mainly decided the reinforcement and performance of silica-rubber composites. 
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8 Conclusions and outlook 
Synthesis of silica nanoparticles in SSBR matrix was done successfully by sol-gel 
method using tetraethoxyorthosilicate (TEOS) as silica precursor in presence of alkaline 
medium (n-butylamine). The TEOS and water ratio (1:2), amount of catalyst and solvent were 
kept constant and by changing the amount of TEOS and water in rubber solution the content 
of silica in rubber was controlled in scientific manner. The silica formed inside the rubber was 
measured by thermogravimetric analysis and the amount of ash after 600 ºC was considered 
as amount of silica presented in rubber1.  The in-situ derived silica composites offered an 
improved mechanical and dynamic mechanical properties, lower heat build-up, higher 
rebound resilience, better processability and abrasion characteristics in the presence and 
absence of silane coupling agent as compared to precipitated silica composites2. The 
maximum silica yield obtained by the current technique is approximately 98 %. The prepared 










Figure 8.1 Magic pentagon for tyre related properties 
Similarly, the performance of silica synthesized by in-situ sol-gel route is compared 
with precipitated silica composites, and superior mechanical performance of the in-situ silica 
rubber composites are supported by various mechanical characterizations. To compare the 
performance of various silica filled composites in the perspective of tire applications, the tire 
performance magic pentagon is constructed and depicted in the following fig. 8.1. The 
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experimental results from dynamic mechanical analyser, abrasion and heat build-up are 
mainly utilized to construct the pentagon. The in-situ silica composites perform well in terms 
of lower heat build-up, lower rolling resistance, improved wet grip and ice skid resistance. 
Commercial precipitated silica composites are better in terms of abrasion properties. This 
implies that to achieve a (low) rolling resistance compound it is necessary to compromise on 
the abrasion properties. Developing silica particles in the rubber in solution following in-situ 
sol-gel route could be a solution to developed high performance tire tread compounds in terms 
of rolling resistance and wet skid properties. However, further and extensive in-depth studies 
are necessary to realize the work in practical tire application. 
A detailed study focused on the understanding of the reinforcement of two different 
silica fillers in a SSBR rubber matrix. The main challenge was to study the effects of silica 
generation and incorporation, along with the influence of surface chemistry and rubber-filler 
interactions on reinforcement. Low field solid state 1H NMR investigations highlighted the 
influence of surface chemistry, chemical nature of silica (alkaline or acidic) inherently 
influenced on the crosslink density of rubber. DQ-NMR versus equilibrium swelling 
correlations evidenced that the gradual incorporation of precipitated silica in rubber reduced 
the amount of chemical crosslinks, due to the adsorption of activators on silica surface and 
acidic characteristics. Generation of silica in rubber in presence of alkaline conditions and 
increase the amount of in-situ in rubber did not affected crosslink density of rubber. However, 
the mentioned effect (reduction of crosslink density in rubber); due to the incorporation of 
precipitated silica was rectified by the addition of TESPT silane coupling agent4. Finally, it 
was found that the generation of silica inside the rubber can reinforce the matrix significantly 
better than the direct incorporation silica into the rubber. The type of filler-rubber interaction 
(physical or chemical) was scientifically distinguished from DQ-NMR versus swelling 
correlation plots. The interaction mechanism of in-situ silica with the rubber was unique, 
which reinforced the rubber without any silane coupling agent. Entrapment of rubber chains 
inside the silica particles as well as strong mechanical tethering of rubber chains onto the 
surface of the in-situ silica particles were the plausible reasons for the enhanced rubber/in-situ 
silica filler interactions. The solid state 29Si magic angle spinning NMR investigations 
described different chemical structures for commercial precipitated silica and in-situ silica 
powders and a higher hydroxyl density was observed for in-situ silica powder. The solid state 
29Si-1H cross polarization experiments highlighted that around 2% of silanol groups were 
modified by the addition TESPT coupling agent in in-situ silica composites and which is 0.2% 
in case of precipitated silica composites. The EDX investigations affirmed both the silica 
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surfaces being modified by TESPT silane, however, the extent silane modification was higher 
for in-situ silica. Finally, it could be concluded that silanization efficiency not only depends 
on the processing temperature and time, rather also on the reactive hydroxyl density of silica 
fillers3.  
The necessity of silane coupling and type of silica-rubber interaction on the 
performance of silica composites were investigated in detail. The chemical interaction or 
modification of silica by NXT, MPTES, TESPD and TESPT silanes offered excellent 
mechanical, dynamic mechanical, rebound resilience, lower heat build-up and abrasion 
properties compared to physical modification by DMS, APTES and ODTES silanes. The 
molecular interpretation of the Payne effect by Maier-Göritz model studies showed that the 
number of unstable chains adsorbed on the silica surface contributes to the reduction of 
modulus with increase in temperature. The crosslink density of rubber is mainly altered by the 
type of silane coupling agent and nature of interaction between rubber and silica. Eventually 
the type of interaction (physical or chemical) with rubber and silica fundamentally decided the 
reinforcement and performance of silica-rubber composites. However, the amount of silica 
used in rubber (30 phr) was considered as below as the reinforcement percolation of rubber 
and the higher amount of silica should be recommended to use in future studies.  
The proposed plausible reinforcement mechanism of SSBR rubber by in-situ silica and 
its silane modification is given scheme 8.1. The synthesis of in-situ silica particles in presence 
of the polymer allows trapping of some of polymer molecules inside the filler aggregates as 
well as strong mechanical tethering of polymer chains on the silica surface is acting as 
additional crosslinking points, therefore, offers exceptional mechanical reinforcement of the 
rubber without silane5. The incorporation of silane coupling agents further improved the 
physical properties through enhanced silica-rubber interactions. In comparison to existing 
literature, current approach promises (a) an improved state of silica dispersion (b) higher 
amounts of silica loading into the rubber without sacrificing its processability (c) a better way 
to control and customize the particle size and distribution (d) more industrial feasibility and 
(e) a possible way to save mixing energy due to easy incorporation.  
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Scheme 8.1 Schematic representation of in-situ silica formation inside the rubber 
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